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CRITICAL DIMENSIONS OF SYSTEMS 
CONTAINING 235U, 23gPu, AND 233U 

1986 REVISION 

b Y 
H. C. Paxton and N. L. Pruvost 

ABSTRACT 
This document. is a revision of TID-7028, CRITICAL 
DIMENSIONS OF SYSTEMS CONTAINING U235. 
PUCK’, AND U233 (Ref. 1). 

INTRODUCTION 

This report. is primarily a compilation of critical data obtained from experiments performed 
in a number of laboratories during t,he period of 1945 through 1985. It. supplements the 
Nuclear Safetv Guide [Report. TID-7016 (Rev. 2)12 
recornmendatOions of the Guide are based. 

in presentling critical data on which 

It must be emphasized that this report gives critical data wit#hout. safety fact#ors, so it. is c 
no substitute for the Guide or for the related document, The American National Standard 
for Nuclear Critica1it.y Safet.y in Operat,ions with Fissionable MatOerials Outside React,ors3. 
This standard is supported bv publications of H. IS. Clark thatp interpret criticality infor- 
mation for Pu, 233U and 235G systems. 4-6 

Information for guiding the safe design of equipment for handling the t)hree common fissile 
materials appears to a cert#ain extent in t.he Nuclear Safety Guide, and wit#h greater detail . 
in several handhooks.7 Other publications specifv c.onditions for unique processes with a s 
part*icular fissionable material8 

Experimems of several types which contribut,e result#s applicable to nuclear design and to 
safetoy problems have been described by Callihan.g Critical measurement,s with materials . 
of interest in desired configurations yield information of greatest usefulness and accuracy. 
Where it. is not feasible to obtain the desired critical data, for example, as a result of safety 
restrictions7 subcrit,ical data may be directly applicable, and in some cases may be extra& 
olated to approximate critical conditions. Critical conditions also may be approximated 
from the dist,ribution of neutrons introduced into a subcritical assembly. These “exponen- 
t i al experiments” may be the only alternative where the quantity of material required is 
too great, for a critical experiment.. 



In some cases, calculated results are desirable to fill in experimental data or to extend them. 
Where they appear in this report, they are identified as calculations because of the uncer- 
tainty associated with them. In general, the 16-group Hansen-Roach cross-section set.l’ is 
used wit#h the one-dimensional transport. code, DSN ,I1 or its modern version, ONEDANT’” 
in one dimension and TWODANT 13 in two dimensions. The reason for this choice is 
Stratton’s extensive comparison of results of such calculations with experimental data.14 
Where this comparison is unfavorable, particularly for solution or hydrogeneous mixtures 
of few-percent. “35U-enriched uranium, the Los Alamos MCNP Monte Carlo codeI and 
cross-sect*ions based on ENDF-B/V* are used instead. This combination is also applied in 
the few cases where finite-cylinder calculations are desired. c 

Calculated extensions of experimental data are included to show the nature of trends, not 
to substitute for results of experiments. They should be used with caution. 

A fundamental aim of this document is to illust(rate relationships among critical data. The 
compilation and correlation of data for this purpose, from many measurements in a number 
of laboratories, require a certain amount of normalization or reduction to common terms. 
Frequent*ly, for example, t.he effects of variations in geometry or density must be removed 
to show trends in data. The manner in which these alterations may be made is discussed 
in the early sect,ion RELATIONS FOR CONVERSION TO STANDARD CONDITIONS. c 

Reactor mockups and related critical assemblies are generally outside the scope of this 
document. Many of tlhose that are appropriate to serve as computational models are fast- 
neutron systems that are of secondary interest, in criticality safety matters? Nevertheless, 
fast-reactor mockups which are used as benchmark assemblies (for comparison with calcu- 
lations) are instructive, for t-hey illustrate the value of data other than criticality specifi- 
cations, namely, spectral information, neutron flux distributions, prompt-neutron lifetime, 
and react.ivit.y coefficients. Unfortunately, data for critical assemblies suitable as safety 
benchmarks are usually limited to critical compositions, dimensions and masses without c 
useful supplementary information. 

* Robert C. Litt,le, Los Alamos National Laboratory, Los Alamos, NM 87545, 1986. 
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PART I - INDIVIDUAL UNITS. 
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HISTORY OF EARLY CRITICAL EXPERIMENTS 

EXPERIMENTS RELATED TO THE WEAPONS PROGRAM 

The first critical assembly with enriched uranium * was the Los Alamos water boiler LOPO, 
operated init.iallv in 1944.17~1s This was a predecessor of HYPO that operated as a neutron 
source for many-years. Of course, they were both preceded by reactor-oriented assemblies 
of natural uranium, namely the Chicago and Oak Ridge piles.lg LOP0 was a 14.95liter 
sphere of U( 14.67)02SO4-H20** solution atI H/ 235U=64’7 in a 0.08-cm-t*hick container 
a.nd reflected by a roughly 9O-cm-diam stack of beryllium oxide (density 2.7 g/cm3) on a 
graphite base. 

About. the same time, before U( >90) b ecame available, Los Alamos critical experiments 
were directed toward weapon design. The critical assemblies of which descriptions have 
been declassified consisted of U(wSO) metal cores reflected by natural uranium, tungsten 
carbide, or beryllium oxide; U( --74)H C 10 4 cores reflected by natural uranium, tungsten 
carbide, beryllium oxide, or iron; and plutonium metal reflected by thin natural ura- 
nium within tungst#en carbide.20 The UH10C4 was an intimate mixture of UH3 and Styrex 
(CH1.75). Table 1 g ives critical specifications of those assemblies with nearly regular ge- 
ometries. Because uncertain geometric details cannot. be clarified at this late date, these 
specifications are given for historical imerest rather than scientific value. 

EXPERIMENTS RELATED TO THE GASEOUS DIFFUSION PROCESS 

In 1945, Oak Ridge undertook the first* of a series of critical experiments directed to- 
ward criticality contlrol of enriched uranium as UF 

l  21 
6, the working material of the gaseous 

diffusion plant. Critical assemblies at. that. tonne came as close as practicable to sim- 
ulating condensed LJ ( 24)F 6 with hydrogen moderation. One-inch cubes of an intimate 
mixture of 1J( 24)308 and as much viscous fluorocarbon, reported to be CFo 68, as would I 
retain itIs shape were prepared in 0.013-cm-t!hick aluminum. The effective composition, 

u( 24)02.83C5.30F3.60Al 0.4, did not, approach t,he actual F/U atomic ratio 6. Because the 
available inventory, 9.5 kg 235U, was subcritOical without, moderation, one-inch cubes of 
polyethylene (CH 1.87) were latticed among t.he uranium units to make some assemblies 
c&al.’ Table 2 gives tlhe reporttied description of these assemblies, with roughly cubical 
cores reflectled bv paraffin. Because of a question concerning t-he reported fluorocarbon 
formula,*** the& assemblies, also, are described primarilv for historical interest. c 

* 1Jranium enriched in the isot*ope 235U. 
** Numbers in parentheses indicate the 235U content. of the uranium in weight percent. 

*** An expert in fluorocarbon chemistry believes tlhatt the formula CFo 68 should represent a . 
solid instead of a viscous fluid. The formula was provided by the laboratory of the Gaseous 
Diffusion Plant which produced the fluorocarbon. 
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TABLE 1. EARLY LOS ALAMOS METAL AND HYDRIDE CRITICAL ASSEMBLIES. 

C/ore Reflector 

Composi tqion, 
Shape” 

235u or Pu 
Densi t.y 
Wm3) 

Material, 
Form 

Density 
(g/cm3) 

Critical Mass 
(kg 235U or Pu) 

U(78.7) U( natural) 
pseudosphere 17.8 48-cm-od sphere 19.0 21.9 

U( 78.5) 
pseudosphere 17.8 

WC 
35.6-cm cube 14.7 20.8 

U( 82.7) 
pseudosphere 17.8 

Be0 
61-cm cube 2.69 10.3 

U( 75.0)HI& 
pseudosphere 2.1i 

WC 
4Lcm cube 14.7 7.00 

U( 75.2)H10C4 
near cube 2.18 

Be0 
4% cm cube 2.69 3.52 

U( 75.2)H10C4 
near cube 2.18 

Be0 
79-cm cube 2.69 2.80 

Pu( 1.35 wt% 240PU)b U( natural) inside 
sphere 15.6 sphere, I&km-thick 19.0 6.13 

WC outside 
parallelepiped -14.7 
32.4x32.4x27.0 cm 

QAll uranium cores built of l/Z-in. cubic units. 
Tontained 1.0 wt.% I G a, coated wit.11 --O.OELcm-thick Ni. 



TABLE 2. CRITICAL CUBIC LATTICES OF I-IN. CUBES OF 
U(24)02.s&5.30 F3.60A10.4 (DENSITY 3.50 g/cm3) AND CHlsB7 
(DENSITY 0.915 g/ cm3) REFLECTED BY >6-IN.-THICK PARAFFIN. 

H Cubes/U Cubes 
H/235U Average 

A t.omic Ratio Density( g/cm3) 
Critical Mass 

(kg 
235 U> 

314 46 2.14 83 . 
l/l 63 1.95 61 . 
2/l 129 1.67 39 . 

In 1946 there was sufficient. highly enriched uranium to extend the above experiments with 
one-inch cubes of intimately mixed UF4 and polytetrafluoroethylene (CF;!),, effectively 
UF&. These were latticed with eit$her one-inch-cubes or 1 x 1 x 0.5 in. half-cubes of 
polyethylene. A series of experimems with U(95.3) was conducted by Oak Ridge person- 
nel at, Los Alamos. Roughly cubic cores with 18-cm-thick paraffin reflectors consisted 
of hydrogen-to-uranium cubes in t’he ratios $1, l:l, 2:1, 4:1, and 7:l. For the I:1 ratio, 
heterogeneity was varied such that0 t.here was reasonable extrapolation to a homogeneous r 
core, with the result included later in Table 10. Critical masses for all hydrogen-to-uranium 
combinations, uncorrected for heterogeneity, appear in Fig. 1 as the left-most curve. Ap- 
proximate densities of 235U in g/cm3 may be obtained by dividing 14.8 by H/235U. 

Lat’er that. year, a similar series of experiments was performed atI Oak Ridge with U(29.8) 
inst.ead of highly enriched uraniunl.23 Again, one composition could be corrected reason- 
ably for heterogeneity, wit.h the result, included in Table 10. Uncorrected critical masses 
also appear in Fig. 1. The curves rise at! large H/ 235U as a result. of ext,reme het’erogeneity. 
The expression relating 235U densit.y and H/“35U given above for U(95.3) also applies for 
U( 29.8). 

Although not belonging to this very early period, the only known experiments with ho- 
mogeneous hvdrogen-moderated UFG are described here to comp1et.e the account of UFG 
critaicalit.y.24 in t$his series of experiments, performed at, Valduc, France,* the primarv ma- 
terial waS liquid U( 93)FG to which various proport,ions of liquid HF were added ‘while 
ret.aining liomogeneit.~. These mixtures were contained in O.&cm-thick Monel spheres sur- 
rounded by an effect#ively infinite thickness of water. 

Experimental crit’ical datla appear in Table 3 and in Table 4 after adjustment. t.o spherical 
volumes and normalization to 75O C. Figures 2 and 3 show critical volumes, diameters, and 
masses as funct,ions of H /235U atcomic ratio and 235U density The available inventory of ’ . 
UF6, 93.9 kg 235U, could not. be made critical without, internal hydrogen. Consequently, 
t,he ent.ry under H/235U = 0 in Table 4 is the result. of extrapolatOions shown in Figs. 2 and 
3, supported by Monte Carlo and transport, calculaGons. 

* La Station de Criticalite de Valduc may be called simplv Valduc, or Dijon, which is nearby. c L’ I m. 
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TABLE 3. CRITICAL 1J(93)Fg-HF MIXTURES IN WATER-REFLECTED SPHERICAL 
CONTAINERS. 

Inside Diameter of Container (cm) 

53.9 53.9 50.9 50.9 50.9 53.9 50.9 50.9 50.9 50.9 53.9 
H/U 57 

0:l 
99 
0:2 

10.8 11.2 15.2 16.9 21.0 26.0 38 74 82 
A(H/U)" O-2 0.2 0.3 0.3 0.4 0.7 1 2 3 

T(OC) 89.0 75.0 85.8 75.1 74.8 94.3 74.3 75.0 75.6 75.1 75.3 
aT(‘C)” 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Density 
ddcm3) 1.92 1.71 1.61 1.63 1.467 1.336 1.321 1.245 1.149 0.990 0.973 
&(g/cm3)” 0.02 0.01 0.01 0.01 0.009 0.008 0.008 0.007 0.007 0.006 0.006 

Liquid 
Height (cm) full 47.3 full full full 51.0 46.6 46.2 46.1 f u 11 46.1 

Critical 
Volume 
vc (L> 85.0 78.5 76.0b 71.3b 69.4b 81.3 67.3 67.1 67.0 71.3b 77.2 

=A value designated by A represents the uncertainty in the quantity. c 
bValue of cr’ ltical volume from extrapolated reciprocal multiplication curves. 
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TABLE 4. CRITICAL DIMENSIONS OF WATER-REFLECTED U( 93)F6-HF 
MIXTURES ADJlJSTED TO SPHERICAL VOLUMES AT 75OC.= 

H/235U 0.0 6.1 10.6 11.6 12.0 16.3 18.2 22.6 28.0 41 88 

PWCm” > 3.63 1.99 1.71 1.65 1.63 1.465 1.413 1.317 1.245 1.140 0.973 

235U Concentratlion 
C(dcm3) 2.27 0.939 0.69 0.639 0.622 0.490 0.473 0.373 0.313 0.225 0.107 
AC(g/cm3)b 0.014 0.01 0.008 0.008 0.007 0.007 0.006 0.007 0.009 0.004 

Critical Diameter 
dc (cm) 55' 53.74 52.8 52.8 52.1 51.04 51 50 50 50 53 
Adc (cm) b 0.09 0.2 0.2 0.2 0.05 1 2 2 2 2 

WL> 88 C 81.3 77 75.1 74.1 69.6 68.6 67.0 66.2 66.2 76.5 
Avc(qb 04 . 1 07 . 05 . 03 . 04 . 07 . 07 . 07 . 07 . 

Critical Mass 
Mc(kg235U) 200' 76 53.0 48.4 46.5 34.1 32.5 25.0 20.i 14.90 8.2 
AMc(kg235U)b 1.8 1.5 2.0 1.9 1.7 2.0 2.4 2.8 5.0 4.2 

aUncorrected for O.4-cm-thick Monel container. 
b Uncerta’ mties represented by A(quantity);A(H/U) and A(p) appear in Table 3. 
‘Extrapolated value supported by calculations. . 
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As Fig. 2 indicates, the minimum critical volume occurs at H/U about 30. Further, UFG- 
HF mixtures at any concentratlion cannot be made critical in water-reflected spheres Q-cm 
or less in diameter provided the temperature is at least, 75OC. 

TRANSITION TO FACILITIES FOR CRITICAL EXPERIMENTS 

Ret.uming to the very early experiments, it may be noted that they were conducted in 
improvised facilities. Two Los Alamos fatalities25 underlined the need for improved pro- 
tection of personnel, and permanent facilities designed specifically for the safe performance 
of critical experiments were in operation at. Los Alamos in 1947 and at Oak Ridge in 1950 
after experiments starting in 1946 at! an interim facility. There followed at Oak Ridge 
extensive programs with uranium enriched in 235U and 233U, which contribute to the re- 
mainder of this report. 

In 1951, critical experiments with plutonium solutions began in a Hanford facility that was 
temporary but had adequate personnel prot.ection.26 The permanent plutonium critical- 
mass facility at Hanford became operable in 1961.27 These facilities provided much of the 
data for moderated plutonium systems that. are included in this report. 

Other laboratories that have provided results of critical experiments are at Aldermaston, 
England, operation beginning in 1952;28 Livermor e (from 1955 in its appropriate facility);2g 
Dounreay, Scotland (from -1957);28 Saclay, France (from 1960);30 Valduc, France (from 
1963);30 and Rocky Flats (from 1965).31 We have no in formation on USSR facilities at 
which criticalit*y data have been generatIed. 



RELATIONS FOR CONVERSION TO STANDARD CONDITIONS 

Many of the data. correlatlions that appear in tlhis report. required the conversion of ex- 
perimental information to certain “Standard” conditions. Two of the more significant. 
types, shape and density conversions, are considered immediately. Otther types, such as 
the correct8ion for variations in 235U enrichment, fit. more naturally into later sections. 

CYLINDER-SPHERE CONVERSIONS 

Ratios of critical masses of cylinders (height h and diameter d) to those of spheres appear 
vs h/d in Fig. 4 for enriched uranium solutions* 
The values for solutions and U(93j 

and in Fig. 5 for enriched uranium metal. 
metal reflected by polvethylene and Plexiglas are derived 

from measurements at. Oak Ridge.32-36 Those for U(94) metal, unreflected and reflected 
by paraffin or water, are from Los Alamos.37-3g 
originated at. Hanford26 

Early critical data for plutonium solutions 
and for 233U solutions at. Oak Ridge.40 

For extrapolation of experimental critical dimensions t.o those of broad slabs and long 
cylinders, the following method is useful. The dimensions of critical cylinders of different 
sizes and of a critical sphere, all of the same composition, are related to each other through 
the expression for the geometric buckling, B2, provided appropriate values of the cylinder 
extrapolation distances are used. Effective values of cylinder extrapolation distances were 
obtained from the following relation using cylinder and sphere dimensions and sphere 
extrapolation distances of Table 5. 

I?2 = (T:‘=:tIJ2 + (i, J2J = (T, : J2 

where rc = the radius of the cylinder 
h = the height of the cylinder 

TS = the radius of the sphere 
6 = the effect*ive extlrapolation distance appropriate to these dimensions. 

TABLE 5. SPHERE EXTRAPOLATION DISTANCES FOR GENERAL APPLICATION 
OF FIG. 6 WITH WATER REFLECTION. 

Sphere Extrapolat.ion Distance 6, (cm) 

Atomic Ratio H/Xa: 50 200 500 1000 
“35U02F2 58 . 54 . . 53 .Y 53 .Y 
“33UOzF2 56 . 53 .Y 50 . 50 . 
Pu(N03)4 63 . * 58 . 54 . 57 .d 

a x43qJ - 7 233U or Pu. 

* Aqueous solutions are implied throughout. this document. 
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The resulting ratios of cylinder to sphere extrapolation distances appear in Fig. 6, in 
which some dimensions were obtained experimentally and some were computed by the 
TWODANT13 code with Hansen-Roach cross section’s.” Figure 7 gives similar extrapo- 
lation distances for reflected and unreflect!ed U(93.5) metal disks, where 6, = 2.0 cm is 
assumed for an unreflected sphere and reflector savings are consistent. with Fig. 5. 

In Figs. 6 and 7 the abscissa was chosen such that at. zero the value of 6, determines 
the thickness of an infinitle slab [= (r/B) - 2&] and at. unity the value determines the 
radius of an infinite cylinder [= (2.405/B) - &I. Th e calculated end points of Fig. 6 were 
obtained by means of the ONEDANT codeI and Hansen-Roach cross sections.l’ In Table 
5, the value of the sphere extrapolation distance for 235U02F2 solution at+ H/235U = 50 
was obtained from Stratton’s report, LA-361214 by combining the extrapolation distance 
without reflector from his Eq. 2 and the reflector savings from his Table V. Results axe 6, = 
5.8 cm with a water reflector and 6, = 2.2 cm with a OX-cm-thick stainless steel reflector. 
Other extrapolation distances in Table 5 (for more dilute 235U solutions, 233U solutions, 
and Pu solutions) were obtained from sphere, infinite cylinder and illfinite slab dimensions 
calculated by ONEDANT.loyl” The listed sphere extrapolation distances, then, are those 
required to bring both calculated end point extrapolation distances intlo coincidence with 
the end points of Fig. 6. 

With 0.13 cm stainless steel reflection, 6 = 2.2 cm from Stratton’s spheres applies uni- 
versally to the transformation of solution cylinders. It has been confirmed empirically 
within Ifr 2% for U(93.2)02Fz, 233U02F2 7 and Pu(NO& + 1 8 HN03 solutions over thk 
experimentally available ranges of height-to-diameter ratios. 
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CORE-DENSITY CONVERSIONS 

A change in the density of a fissile sphere by t.he ratio p/p0 leads to a changed critical 
mass, 772,, that. may be expressed as 

m*c / mco = ( p / po )-” 

where n is constant@ over a considerable range of density ratios. In fact, where density of 
both spherical core and reAectPor is changed by the same ratio and the ratio of reflector 
thickness to core radius is maintained, then R’= 2 (the value for an unreflected sphere). 
Similarly, in the case of an infinite slab, the critical mass per unit area is necessarily 
independent. of p (i.e., n = 0). 

Where reflector charact8eristics remain constant, however, the value of n associated with 
the density change of a spherical core depends considerably upon the system. Combined 
Los Alamos, Livermore, and Rocky Flats data for U(93.5) metal and &phase plutonium 
cores20 Y4 l 942 seem to follow a unique relation between the density exponent and the degree 
of reflection (see Fig. 8). The scatter associated with subcritical plutonium measurements 
would mask any small differences between the two fissile materials. 

The experimental values of n (as determined by the UKAEA Atomic Weapons Research 
Establishment. at, Aldermaston, ORNL, and Los Alamos) for near-equilateral nonmetal 
cores are given in Table 6.43-45 
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TABLE 6. EXPERIMENTAL VALUES OF THE NEGATIVE DENSITY EXPONENT, 
n, FOR NONMETAL CORES. 

Core 
Composition H/235U Reflector n Reference 

U( 30)02-paraffin 8.26 
U( 30)02-paraffin 16.5 
U( 30)02-paraffin 16.5 
U( 30)02-paraffin 82 
U( 30)Ozparaffin 82 
U( 30)02-paraffin 87 
U(=)02(N03)2 230 
U(93)H3C 37 .Y 

20.3-cm-t$hick Perspex” 1.46 
20.3cm-thick Perspex 1.50 
20%cm-thick polyet,hylene 1.69 
20.3-cm-thick Perspex 1.56 
20.3-cm-thick polyethylene 1.67 
thick water 1.65 
thick water 1.88b 
22.2-cm-thick U( 0.7) 1.57 

43 
43 
43 
43 
43 
43 
44 
45 

aMetthacrvlate plastic, called Plexiglas in the U.S. 
‘Possibly ‘infl uenced by the manner in which voids were intOroduced. 

The lack of experiment.al core-density exp0nent.s for solutions forces the use of computed 
values. Figure 9 shows such exponents for 235U calculated by the DSN code’l using 
Hansen-Roach cross sectlions. lo Hanford calculat.ions for 23g Pu used a similar code (DTK) 
but, different cross sectqions (from G AMTEC-II) .46 
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HOMOGENEOUS HYDROGEN-MODERATED URANIUM 

HIGHLY ENRICHED URANIUM 

Figures 10 and 11 represent critical masses and crit*ical volumes of homogeneous water- 
moderated spheres of U( 93.2), both b are (except. for the thin-wall container) and water 
reflected. For a watler-reflected sphere of U(93.2) metal atI a density of 18.75 g/cm3, the 
critical mass is 22.8 kg 235U and the critical volume is 1.30 L. Estimates of diameters 
of infinite critical cylinders of U(93.2)0 F 2 2 solution appear in Fig. 12, and corresponding 
estimat#es of thicknesses of infinite critical slabs appear in Fig. 13. Values for water-reflected 
U(932)metal are 7.5 cm infinite cylinder diameter and 1.4 cm infinite slab thickness. It 
should be noted that. the curve for bare infinit#e slabs is fict.itious because a slab of infinite 
extent would intercept neutrons returned from material at any distance. Nevertheless, it 
may be useful for comparison with similarly fictitious calculations. 

The branched curves of the figures show how concentrated U02F2 solutions depart from 
ideal metal-water mixtures. As indicated by the computed curve for UOZ-water in Fig. 10, 
densities of the fissile isotope in metal-water mixtures are greater than actually found 
in practice; hence, critical values are lower limits that may be quite conservative. For 
convenience the assumed relations between the density of 235U and the at.omic ratio H/235U 
for solutions and metal-water mixtures are given in Table 7.47 Similar relations for 233U 
and Pu (Ref. 26) are also included. 

The appendix gives theoretical densities of unmoderated common uranium compounds. 
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TABLE 7. DENSITY OF X VS. H\/‘X ATOMIC RATIO 

LX - 235U as U(93.2), 233U as 233U(98.7 wt%), or Pu]. - 

235U DensitTy( g/cm31 233U Density 

H/X Metsal-Hz0 Solution” Metal-H20 Solution” cuPu-Hz0 6Pu-Hz0 Solution b 

0 
1 
2 
3 
5 
10 
20 
30 
50 
100 
200 
300 
500 
1000 
1500 
2000 
3000 

17.53 
10.48 
7.48 
5.81 
4.02 
2.27 
1.21 
0.83 
0.51 
0.257 
0.129 
0.086 

1.06 
0.76 
0.48 
0.252 
0.128 
0.086 
0.052 
0.0260 
0.0175 
0.0132 

18.28 
10.71 
7.57 
5.86 
4.03 
2.27 
1.21 
0.82 
0.50 
0.255 
0.128 
0.086 

1.07 
0.76 
0.48 
0.250 
0.127 
0.085 
0.051 
0.0258 
0.0179 
0.0134 

19.6 
11.27 
7.91 
6.09 
4.18 
2.34 
1.24 
0.85 
0.52 
0.263 
0.132 
0.088 

15.65 
9.85 
7.18 
5.66 
3.96 
2.27 
1.22 
0.84 
0.51 
0.261 

( o.429)c 
0.234 
0.122 
0.083 
0.050 
0.0254 
0.0170 
0.028 
0.0085 

“U02F2 soluGon. 

9u( NO3 )4 solution with 1 N HN03, Pu contains 3% 240Pu Water densiCes from the . 
relations on page 69, Ref. 2 

c Solution probably unst#able. 
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Sources of experimental data and the nature of conversions to the conditions of Figs. 10 to 
13 are as follows. The portions of those figures for the H/ 235U range greater than 20 are 
based on many critical-solution measurements of a variety of cylinders,32y33 some spheres 
or cubes,22y48-51 and a slab.34 

The value of thickness of a critical infinit#e solution slab reportted in Ref. 34 was obtained 
by extrapolating the reciprocal critical height1 of vertical finite slabs to zero. Alternatively, 
the infinite slab thickness may be obtained from the least, subcritical finite slab by means 
of Table 5 and Fig. 6. The result at H/235U = 44.7, 5.0 cm (including Plexiglas correction 
of 0.25 cm), compares with 4.5 cm reported in Ref. 34. There was a similar reexamination 
of the critical infinite slab thickness reported for Plexiglas-reflected U(93) meta.l.35 The 
result, 1.38 cm, compares with the reported value of 1.52 cm (0.6 in.). 

The most. nearly equilateral critical cylinders are generally selected for conversion to 
spheres, elongated for infinite cylinders, and squat. for infinite slabs. Conversions to the 
required shape make use of Fig. 6 and Table 5. Extrapolation of critical solutions con- 
centration data to zero buckling gave 12.30 31 O.lOg of 235U/L as the limiting crit!ical 
concentration,5’ and 12.05 3~ 0.03 resulted from measurements at the Hanford Physical 
Constants Testing Reactor ( PCTR).52 

Although they do not apply directly to the curves, critical data for slightly moderated 
solids are available for checking calculated points, for example, cores of effective compo- 
sit#ion U(%.E)H 2.97 Cl.liO.25 were reflected by natural uranium or iron.45 More nearly 
appropriate is the critical mass of paraffin-reflected U(95.3)FGC mixed with polyethy- 
lene, of H/235U = 10 (R.ef. 22). Th e enriched-uranium-metal points were based on Los 
Alamos va1ues20Y53Y54 and ORNL slab data55 (with DSN correction from Plexiglas to wa- 
ter reflector), supported by measurements at Lawrence Livermore National Laboratory 
(LLNL). 56157 Shape conversions for the metal made use of extrapolation distances from 
Fig. 7. Core-densitDv corrections for water-reflectled spheres were made by using the com- 
putled relations of Fig. 9 and, for metal, the experimental points of Fig. 8. In regions of 
scanty or uncertain data, the curves of Figs. 10 to 13 are guided in form by results of DSN 
calculations. 

Points of Fig. 10 for water-reflected U(93)02-H# (Table 8) mixtures are those reported 
by Magnuson of Oak Ridge.58 They result’ from calculations validated by comparison with 
dense critical arrays of UO2-C5O2Hs units reflected by polvethylene and containing internal . 
methyl methacrylate. 
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TABLE 8. CALCULATED CRITICAL PARAMETERS FOR WATER REFLECTED 
U(93.3)02-H20 MIXTURES 

Sphere 
Uranium w235u 235u 

235~ Slab Cylinder 
Oxide H20 A t*om Densit!y Radius Mass Thickness Radius 
Fract!ion Fraction Rat! io k/c1n3) b-4 (kg) ( > cm ( ) cm 

1 . 
09 . 
08 . 
07 . 
06 . 
05 . 
04 . 
03 . 
07 .Y 
01 . 

00 . 
01 . 
07 .Y 
03 . 
04 . 
05 . 
06 . 
07 . 
08 . 
09 . 

00 
0.328 
0.738 . 
1.266 
1.969 
2.954 
4.431 
6.892 
11.82 
26.58 

8.817 10.19 39.08 3.376 6.22 
7.936 10.33 36.64 3.502 6.32 
7.054 10.47 33.91 3.638 6.43 
6.172 10.64 31.14 3.780 6.55 
5.290 10.83 28.15 3.942 6.69 
4.409 11.04 24.85 4.114 6.84 
3.527 11.23 20.92 4.292 6.97 
2.645 11.36 16.24 4.486 7.08 
1.763 11.44 11.06 4.640 7.15 
0.882 11.34 5.39 4.842 7.18 

Outside ORNL, there have been limited critical experiments with highlv enriched uranium 
solutions. Results do not, appear in Figs. IO-13 because they are less easily interpreted 
than t.he ORNL datla. The ALECTO series in France was primarily a comparision of 
235U 23gPu, and 233U critical solutions in similar geometries not, necessarily as clean as 
poss:ble.5g U(SO)O,( N03) 2 solut.ions ranging from about 30-300 g 235U/L were critical in 
25- or SO-cm-diam cylinders with partial wat,er or paraffin reflectsor and 30- or 42-cm-diam c 
cylinders without reflector. Further French experiments direct#ed toward excursions studies 
yielded critical masses of U(93)02(NO& solution ranging from 22 to 380 g U/L, in 30- 
and 80-cm-diam cylinders.60 

Crit,ic.al experiments in the USSR used UOz(NO3)2 solutions with 235U enrichments of 
90%, lo%, and 5%. The U(90) so u ions were parallelepipeds, without reflector, and with 1 t 
I>artial water and water-steel reflectors.61 The range of concent.ratlions was similar to that 
of ALECTO. 

Two critical unreflect,ed spheres of U(92.14)OzF2 solut,ion have been reported informally 
from the UK.* Results, for which there is no elaboration, appear in Table 9. 

* John G. Walford and J. C. Smith, Dounreav Experimental React#or Establishment, Doun- 
reay, United Kingdom Atomic Energy Authority, 1963. 
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URANIUM OF VARIOUS ENRICHMENTS 

Tables 9 and 10 give critical data for homogeneous hydrogen-moderated units of ura- 
nium enriched in 235U to various degrees. In addit,ion to UOzF2 solutions, there are solid 
uranium-bearing mixtlures in which t+he hydrogenous ma.t,erial is polyethylene, paraffin, or 
Sterotex (glycerol tristearate, [(C17H&OO)&H& In the tables there has been no at- 
tempt to convert to a common composition. In Table 9: crit,ical values of one-dimensional 
forms (spheres, infinite cylinders and infinite slabs) are obtained from Oak Ridge reports 
of critical experiments. They are derived from quoted values of buckling, extrapolation 
distance and reflector savings. Results of other experiments at various enrichments appear 
in Table 10. 

Reports of U(4.89), U(3.00) and U(Z.00) systems give values of buckling, extrapolation 
distance, and reflector saving, from which spherical equivalents are derived (as well as 
equivalent infinite cylinders and slabs). Otherwise, listed spherical equivalents are as re- 
ported witlh the original data or as they appear in Ref. 14. The entries for U(95.3) and 
U(29.8) are from the only heterogeneous systems for which there is sufficient experimental . 
information to permit correction to homogeneous compositions. 

Critical masses and critical volumes of hydrogen-moderated spheres of U(93), U(30.3), 
U(4.89), U(3.00), and U(2.00) are displayed in Figs. 14 and 15. Values for U(3.00) and 
U(2.00) include those listed in Table 9 for U(3.00)F4-paraffin and U(2.00)F4-paraffin com- 
pacts. Dashed curves that3 extend beyond experimental ranges follow points computed 
by the MCNP Monte Carlo codeI and the associated cross section setI.* Critical data 
for uranyl fluoride-water mixtures at the four smaller enrichments are reproduced by tlhis 
means within 0.01 k,,, and the metshod is used for conversion to U(2.00) and Ui3.00) 
solutions.** It, may be noted that. the use of Hansen-Roach cross sections leads to 3% to 
4% overestimates of U( 2.OO)Fd-paraffin critical sphere radii.14 

Figures 16 and 17 give estimated infinite cylinder diameters and infinite slab thicknesses for 
U(93), U(30.3), U(4.89), U(3.00), and U(2.00). Values for the latter four 235U enrichments 
were obtained from sphere radii by means of ext#rapolation distances consistent! with the 
sphere radii, infinitDe cylinder diameters, and infinite slab thicknesses tabulated in Ref. 14. 

* Robert, C. Little, Los Alamos Nat,ional Laboratory, Los Alamos, NM 87545, 1986. 
** N. L. Pruvost, Los Alamos National Laboratory, Los Alamos, NM 87545 (1986). 
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TABLE 9. CRITIAL SPECIFICATIONS OF ONE-DIMENSIONAL FORMS OF 
URANIUM AT SEVERAL ENRICHMENTS 

H/235U 
Atomic 
Ratio 

235~ 

Densi tly 

(g/cn13) 

Sphere 
Volume 

w 

Infinite Infinite 
Cylinder Slab 

Diameter (cm) Thickness (cm) 

102 0.094 271 60.2 38.9 
124 0.089 208 55.2 35.6 
147 0.083 194 53.9 34.7 
172 0.070 176 52.2 33.7 
199 0.065 164 51.0 32.9 
245 0.056 152 49.7 32.0 
320 0.048 136 48.0 30.9 
396 0.040 135 47.9 30.9 
449 0.037 140 48.7 31.3 
503 0.034 152 49.8 32.2 
75i 0.022 273 60.8 39.3 

102 0.094 
124 0.089 
147 0.083 
172 0.070 
199 0.065 
245 0.056 
320 0.048 
396 0.040 
449 0.037 
503 0.034 
i5i 0.022 

U( 4.89)308 - Sterotex, Unreflected62 

U(4.89)308 - Sterot.ex, Water Reflected62 

152 
112 
105 
95 
91 
83 
i7 
80 
85 
95 
195 

46.3 
41.5 
40.5 
39.2 
38.3 
37.7 
36.9 
37.5 
38.7 
40.3 
52.2 

U(4.89)OzF2 S o u 1 t ion, Aluminum Container, Unreflected’” 

23.4 
20.6 
20.3 
19.6 
19.1 
19.0 
18.9 
19.7 
20.6 
22.0 
30.0 

524 0.0425 69 38.6 24.7 
643 0.0356 80 40.6 26.0 
735 0.0318 94 42.8 27.5 
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TABLE 9. (cont..) 

H/23511 235 u 
At.omic Density 
Ratio k/cm3) 

Spl‘lere 
Volume 

(L) 

Infinik 
Cylinder 

Dialilet.er (cm) 

hfini toe 
Slab 

Thickness (cm) 

U(4.89j03F2 Solution, Aluminum Container, Wat,er ReAect.ed62 \ / * 

524 0.0425 
643 0.0356 
735 0.0318 
1000 0.0240 

45 31.8 17.9 
53 33.8 19.3 
65 36.3 20.9 
132 46.7 280 

133 0.093 208 55.3 34.6 
277 0.066 100 43.0 26.5 

133 0.093 
Xi 0.066 

195 0.0627 379 67.6 42.4 
294 0.0528 239 5i.8 36.1 
406 0.0444 202 54.6 34.0 
496 0.0394 201 54.7 34.2 
614 0.0345 224 56.6 35.5 
972 0.0245 513 '74.8 47.1 

195 0.0627 25i 56.6 31.5 
294 0.0528 161 48.3 26.5 
406 0.0444 139 46.0 25.4 
496 0.0394 142 46.6 26.2 
614 0.0345 163 49.0 27.8 
972 0.0245 413 67.9 40.2 

U(3.00)F4 - Paraffin, UnreflectedG3 

LJ( 3.00)Fd - Paraffin, Plexiglas-Paraffin 
or Plexiglas-Polyethylene Reflect.ed63 . 

124 43.6 
, 60 34.1 

U(2.00)F4 - Paraffin? Unreflect.ed63 

U( 2.00)F4 - Paraffin, Plexiglas-Paraffin 
or Plexiglas-PolvetOh~lerw Reflect edG3 . . 

22.9 
17.6 
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TABLE 10. CRITICAL MASSES AND VOLUMES OF HOMOGENEOUS 
HYDROGEN-MODERATED SPHERES, HEMISPHERES, AND CUBES 
OF URANIUM AT SEVERAL ENRICHMENTS 

H/235U 
Atomic 
Ratio 

235~ 

Densi t-y 

k/cm3 > 

Reflected” Unreflected 

Volume Mass Volume Mass 

w 
c 

(k 
235 

U) u-4 0% 235u) 

U(95.3)FqCF2 - Polyethylene Cube22 

Paraffin Reflected 

10 1.48 10.2 15.1 

U(44.6)02F2, Water Solution, Spheresb 

365 0.0705 22.27 1.570 
635 0.0407 34.91 1.421 

U(44.6)02F2, water Solution, Sphere Dimensions Transformed from Cylinde& 

258 0.0974 11.5 1.12 17.6 
493 0.0518 19.5 1.01 
678 0.0379 29.5 1.12 

01 . 1.18 

76 
218 
351 
534 
573 
783 
1037 
1193 
2i7 
488 

0.288 
0.1130 
0.0716 
0.0478 
0.0445 
0.0328 
0.0248 
0.0216 
0.0900 
0.0520 

U (37S)F,-CF2 Cube62 

156 184 -408 -482 

U( 30402F2, V17ater Solution, Spheresb 

22.27 
22.27 

14.85 1.063 - 
34.91 

22.27 0.991 - 
34.91 1.143 - 

91.34 
91.34 1.973 - 
17.44 1.571 

45.67 

1.71 

6.40 
2.517 

1.667 

2.265 

2.375 
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TABLE 10. (cont.) 

H/235U 
Atomic 
Ratio 

235 u 

Densi t.y 

k/cm3 > 

Reflected” Unreflected 

Volume Mass Volume Mass 

w (kg 235 U) 0 (kg 
235 

U) 

U(30.45)0&, water Solution, Hemispheres,” 

728 0.0352 45.67 1.608 - 

U (30.3)0&, water Solution, Sphere Dimensions Transformed from Cylinders64 

76.7 0.288 11.3 3.26 
106 0.220 11.6 2.54 
167 0.146 11.6 1.70 
257 0.0978 13.0 1.28 
378 0.0675 16.1 1.08 
439 0.0584 17.1 1.00 
657 0.0394 27.8 1.10 
815 0.0317 38.1 1.24 

19.5 5.62 
20.0 4.38 
20.0 
22.1 2.16 
26.3 1.77 
27.7 1.62 
42.1 1.66 
55.5 1.76 

2.93 

U( 30.14)02-C& Compacts, Cube Dimensions Transformed from Parallelepipeds43 

Perspex Reflected 

8.14 1.570 13.9 21.8 
8.14 1.190c 27.6 32.9 
16.3 1.130 9.37 10.59 
16.3 0.845’ 19.37 16.40 
39.2 0.668 6.66 4.45 
81.3 0.332 5.83 1.94 
81.3 0.248 12.1 3.00d 
81.4 0.244e 9.58 2.38d 

31zk2 49zk3 

26.5 30.0 

18.40 12.29 
15.34 5.09 
38.3d 9.51d 
25.6d 6.24d 

Polyethylene Reflected 

8.14 1.190 32.4 38.6 
16.3 1.130 10.21 11.54 26.5 30.0 
16.3 0.845 22.3 18.9 
39.2 0.668 7.21 4.82 18.40 12.29 
81.3 0.332 6.32 2.10 15.34 5.09 
81.3 0.248b 13.7 3.39 38.3’ 9.51C 
81.4 0.244d 10.58 2.58 25.6’ 6.24’ 
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TABLE 10. (cont.) 

H/“35U 235 LJ 

Atomic Densi t.y 
Rat)io k/cm3 > 

Reflecteda 

Volume Mass 

(L) 
v 

(k 
235 

u) 

Unreflected 

Volume Mass 

0 (kg 
235 

v> 

U(29.83)F&Fz-Polyethylene Cube,23 Paraffin Reflected . 

32 0.542 2.66 7.45 

U( 18.8)Fd-CF2 Cube, heterogeneous62 

0.14 0.591 733 433 

-0.081 
U( 14.7)02So4, Water Solution, Sphere65 

14.8 -12 . 

490 45.3 
U(4.98)02F2, Water Solution, Sphere66y6’yf 

44.4 2.01 68.5 3.11 

U( I.Q)Fd-Paraffin Compacts, Transformed tIo Sphere14y’ 

Water Reflected 

418 0.0353 697 24.6 84/ h 29.9 
562 0.0305 728 22.2 873 26.6 

Polyethylene Reflected 

418 0.0353 665 23.5 
562 0.0305 717 21.9 

a Water reflectBed unless indicated ot.herwise. 
b John G. M7alford and J .C. Smith. Dounreay Experimental Reactor EstIablishment. 

Dounreay, United Kingdom Atomic Energ; Aut.horit.:, 
I 

1963. 
‘J. R. Dominev and A. F. Thomas, Atlomic Weapons R,esearch Establishment., 

Aldermaston~ U&ed Kingdom Atomic Energy Aut,horit.y, 1962. 
‘Estlimatjed from replacement1 measurements on one face. 
‘Ext,ra graphite was added to change t-he effect.ive composition of tlhe wax to CH. 
f See Fig. 18. 
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Instead of being listed in Table 10, datla from Los Alamos for unmoderated uranium metal 
atO various enrichments appear in Fig. 19.68-71 Because the curves for unreflected uranium 
and uranium wit.h a natural uranium reflect*or appear tlo be parallel, it, is assumed that 
the curve for water reflection would also be parallel as indicated in Fig. 19. ExponenCal 
experiments, which supplemem critical experiments, indicate that unmoderated uranium 
cannot! become critical if the 235U content. is below 5 or 6 wt.%. A cooperative European 
react*or physics program has narrowed this limiting critical enrichment1 to 5.56 -+ 0.02 at% 
235~ 7 i.e. U(5.49).72 

This 235 U enrichment limitt applies to single undiluted uranium units. As shown by the 
following Oak Ridge crit.ical data, it does not apply to clusters of metal units in water. For 
example, ten 442kg U( 1.95) metal annuli were critical as a triangular lattice with 2.Ncm 
optimum separation of annuli.73’74 The dimensions of these units were 18.3.cm-o.d., 6.60- 
cm-i.d. and 101.6-cm-long. The critical mass, 86 kg 235U compares with 54 kg 235U in a 
similar 9-unit critical array of U( 1.95) annuli with the outside diameter reduced to 15.7 
cm and ot,her dimensions the same. 

Optimum critical lattices of massive U(3.85) annuli, and rods consisCng of annuli with 
water-filled interiors, again were triangular with 2.5-cm separateion of units. As examples, 
the interpolated critical mass of 332-kg annuli, 18.3-cm-o.d., 6.6-cm-i.d. and 76-cm-long, 
was 57-kg 235U, and that of 380-kg rods of the same outside diameter and length was 90 
k g 

235~ 73,74 . 
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HETEROGENEOUS WATER-MODERATED URANIUM AT VARIOUS 
ENRICHMENTS 

NEAR-HOhKKEIWOTIS HYDROGEN-MODERATED IJRANI-UM ENRICHED IN 235U 

Parallelepipeds and a pseudocylinder of U (93.16) metal foil (0.005- to O.O3O-cm-thick) 
int$erleaved with various combinations of 0.16-cm-t,hick Plexiglas plates and 0.46-cm- or 
0.71 -cm-thick graphite plat#es were effect.ivelv llomogeneous.75 An aluminum mat,rix at. 
a mean density of 0.165 g/ cm3 was distrihuled tOhroughout. the core and comprised the 
reflector. Critical condit,ions a.ppear in Table 11. Volumes of equivalent. spheres are quoted 
in tllie referexe. 

WATER-MODERATED LATTICES OF SLIGHTLY ENRICHED IJRANIUM 

Early measurements on lattices of slight.lv enriched uranium metal or oxide rods in water 
were’ summarized bv Kouts et. al. at, t#he Geneva, Conferences of 1955 and 1957.76777 Exper- . 
iments with exponent.ial columns established values of buckling and ext*rapolation distance 
for a number of lattice spac.ings at each rod diameter. For each diamet!er of U( 1.02’7), 
U( 1.149, and U( ‘1.299) metal rods, a spa.cing leading to the largestv value of buckling, thus 
smallest0 value of critical volume. was spanned. Such volumes for equilateral cylindrical lat- 
tices are listed in Table 12. (Equilat#eral cylindrical geometry is chosen as mark appropriate 
for arrays of rods than spherical geornetrv.) There are less extensive data for lattices of 
aluminum-clad U( 1.3)02 rods,77 U(3.95)62 rods c1a.d with Incone17’ and U(4.02)02 rods 
clad with stainless steel? 
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~~-~~ 
TABLE 11. ASSEMBLIES OF T_T(93) WITH HYDROGEN AND CARBON 

MODERATOR.!Y 

235~ 

Densi t.y 

(&In3 > 

Atomic Rat,io 

H/235U C/“35U 
Dimensions 

(cm) 

Crit*ical Volume 
(L) 

Observed Sphere 

2.303 
2.096 
0.917 
0.521 
1.317 
0.258 
0.258 
0.258 
0.480 
0.336 
0.223 

60 . 
60 . 
60 . 
60 
12 1 
12'3 
la:4 
12.4 
35.1 
35.2 
35.5 

3.76 
3.74 
24.3 
48.5 
76 . 
98.7 
98.2 
98.2 
21.9 
48.2 
99.4 

593 x 30.5 x 23.5 42.8 25.8 
59.7 x 30.5 x 25.7 50.8 33.3 
92 x 45.7 x 45.7 125 100 
59.7 x 61.0 x 69.9 254 208 
38.1 x 30.5 x 28.9 33.6 27.6 
59.7 x 72.4 x 72.9 315 255 
61.3 x 62.9 x 62.6 320 253 
61.3 long x 69.1 diam 305 263 
38.1 x 340.5 x 30.5 35.4 29.3 
38.1 x 38.1 x 42.4 61.5 51.5 
38.1 x 53.3 x 53.3 108 85 

a A complete computational survey of critical masses of U (93.5)-water-graphite spheres 
resulted in Fig. i of Ref. 14. 
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TABLE 12. LATTICES OF SLIGHTLY ENRICHED URANIUM METAL RODS IN 
WATER 

Enrichment. 
235 in U 

Rod Average 
Diameter 235U DensiQ 

( 1 CIll wn~3 > 

Critical Volume of Equilateral 
Cylinder at. Optimum Lattice 

Spacing (L) 

U(1.027) 0.98 0.055 524 
1.52 0.06 430 
1.90 0.065 393 

U(l.143) 0.98 0.055 274 
1.52 0.065 238 

U(1.299) 0.98 0.06 175 
1.52 0.075 155 

U( 2.0) 1.52 0.095 58.2 
2.35 0.12 56.6 

U( 3.063) 0.445 0.09 32.0 
0.762 0.105 29.8 
1.52 0.15 30.1 
2.35 0.175 35.1 
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Subsequent exponential experiments at+ Hanford provided the further optimum critical 
volumes for U(2.0) and U( 3.063) that. appear in Table 12.7g Savannah River personnel 
extended the U(3) data to 5.1-cm- and 7.6-cm-diam rods.80 ItI is illuminating to plot, 
the U( 3.063) critical volumes of Table 12 and corresponding critical masses against. rod 
diameter, as in Fig. 20. The minimum critical volume of 29.5 L occurs with a rod diameter 
of about, 1.1 cm. The critical mass minimum is far below the smallest1 rod diameter shown; 
in fact, computations indicate that’ itP should occur atI a diameter of about. 0.35 cm. The 
corresponding volume would be extremely large. 

Oak Ridge reported crit,ical lattices in water* of U(4.%)**metal rods at a range of 
diameters.67y78 Spherical critical masses were calculated from experimental values of buck- 
ling and corresponding extrapolation distance. A minimum spherical critical mass of 1.6 
kg 235U at a rod diameter of about 0.17-cm compares with a minimum spherical critical 
mass of 2.0 kg 235U for U(S.00) solution with watler reflector. 

Experiments at Valduc established critical heights of water in lat#tices of U(4.75)02 rods 
at various pitches.81 Each rod contained 0.7%cm-diam by 9O-cm-long U02 at a density of 
10.4 g/cm3 and was clad with 0.06-cm thick aluminum. Extrapolation to fully immersed 
and reflected conditions led to a critical square lattice of 217 rods at an optlimum pitch of 
2.1 cm. 

* Boron concentration of 0.140 g/L increased critical masses about 2570. 
** Corrected by the author from U(4.89) reportled in Ref. 78. 
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WATER-SPACED UNITS OF ENRICHED URANIUM 

Highly Enriched Uranium 

Unlike slightlv enriched uranium lat.t.ices, wat.er la*t.tices of uranium emiched to more thall 
c 10% 235u 1 lave cri tkal masses that, are greater t.han t.he corresponding homogeneous sys- 

t.enls. This is illustrat.ed by results in Fig. 21 of Los Alamos measurements on lattices of 
U(93.5) metal as 2.54-cm cubes, 1.27-cm cubes and 0.318-cm-diam rods.82 Surface spacing 
for minima in critical mass varies from 1.8 cm for the 2.54cm cubes to 1.5 cm for the 
O-318-cm rods. 

A limited number of Oak Ridge experimems with MTR-t$vpe fuel elements provide guidance . 
for pool storage and recovery operateions.83y84 These elements were roughly ‘7.6-cm-square 
in cross section and tlhe fissile material, U (--93), was contained in a number of closely 
spaced clad plates with the act,ive fuel length about 60 cm. The 235U content4 was MO, 
168 or 306 g per element. Measurements established, for each 235U loading, the element 
separation in water required for optOimum moderat,ion and effectIs of great!er separation on 

the critical number of elements. 

As an example, 47 of the 306 g elements spaced about 4 cm apartP were critical lat.ticed in 
water. Further, 4 g 235U/L as U(93)Oz(N0)2 d issolved in the reflect!or-moderator reduced 
the critical mass of a compact latOtice by about. one-t.hird, and 1.12 g B/L dissolved in that. 
solmion increased the critical mass bv a factfor of five. Influences of cadmium interspersed 
in various flooded storage patt*erns aiso were established. 
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Uranium of Various Enrichments 

Over the range of 235U enrichments, minimum critical masses of heterogeneous uranium 
in water compare with homogeneous values as shown in Fig. 22. Below about 10% 235U 
enrichment, heterogeneous critical masses are smaller than corresponding homogeneous 
values. Heterogeneous minimum critical volumes (Fig. 23), d iameters of infinite cylinders 
(Fig. 24), and thicknesses of finite slabs (Fig. 25), h owever, are less than corresponding 
homogeneous values throughout the entire enrichment1 range. 

These figures, originally from Callihan, Ref. 9, have been modified to include the subse- 
quent Oak Ridge experiments, in particular, the comparison at U(- 5) noted earlier. As 
a reminder, the minimum critical mass of U(4.95) metal rods latticed in water was 1.6 kg 
235~ 67,78 and that. of water-reflected U(S.00) solution was 2.0 kg 235U. Further, homoge- 
neou)s values at 2.00 and 3.00 wt% enrichment* are derived from ORNL experiments with 
U( 3.OO)F4-paraffin and U( 2.OO)F4-paraffin compacts.63 
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METAL-SOLUTION MIXTURES 

All experimental information about another practical t,vpe of inhomogeneous system, com- 
binat*ions of massive fissile metal and fissile solution, ii derived from subcritical measure- 
ments at Rocky Flats. One set of measurements applies to spaced O.I5-cm-thick disks of 
U(93) metal in solutions containing 102 and 308 g U(93)/L!’ Other measurements are 
of more general int.crest because they may apply to U(93) billets in cleaning solution.86p87 
They relate concentrations of 235U in solution to t.he critical thickness of a U(93) metal 
slab within the solution. Figure 26 gives results for 12.7- by 20.3-cm slabs in a 24cm-diam, 
41-cm-high solution, and Fig. 27 does the same for 25.4- by 41-cm slabs in a 76-cm-diam, 
7Lcm-high solution. 

56 



1 
1 

I 
I 

I 
I 

I 
I 

I 
1 

I 
I 

CD 
ul 

Y.F 
CT 

cl2 
0 

(u3> S ‘SS3NX3IHL E
W

IS ?VXLI2?3 

--? 
M

 
0 5 CJ 
0 2 2 b E u 
s I E w

 I 
z- Et 
G

 : L u E 
.g 
2 2 q 
3 u E 
2 2 kl E w

 
4 d w

 a 
a s 4%

 
<-+ ‘Z 
O

 2 
2%

 
%

 
L 

a’*3 
wcJ 

23 .Q
 

35 
-2 3 
. c 

\ 
d c&z 
w

 .s 
63 
‘h3 
ct E: 

57 



r” 
1 

1 
-- 

. 

q 
yY:y&& 

[/ 
\ 

I 
’ 

1 
I 

\ 1 
I 

\ 
\ 

I 
\ 

\ 
I 

I 
\ 

\ 
\ 

4 
I 

I 
\ 

\ 
\ 

I 
1 

\ 
1 

\ 
1 

I 
\ 

1 
\ 

\ 
\ i 

j 

I 
I 

\ 
\ 

\ 
\ 

1 
I I 

\ 
\ 

\ 
\ 

# 
\ 

r 
i 

-e-e-- 
----- 

\ 
I 

’ 
I 

I 
‘1 ’ 

m
 

A 
‘I, n 

__o 
I 

c 
\ 

I 
---m

e 
--------’ 

9 
\ 

/ 
\ 

/ 
\ . . 

Ln 
c3 

u-3 
ti 

0.2 
u3 

ti 
u3 

: 
0 

d 

(u3)S‘SSBNX3IHJ, EW
IS W

XLI233 

0 

< M
 

0 5 m
 

0 2 2 3 E u 
%

 I E Y 
E e 
< E E E 
-e3 

-z (2, 
%

 : Fz 
s z L E w

 
& d 3 
Q

 G
 

l 

Ir; 
.j 

w 

3 
‘Z 

2%
 

z=, 

VII 

Etm
 

+y 

ss 

-4 

-gk 

‘r3 
2 

-4d 
. 

q%
 

t 

2 

$ 
.s 

63 

wi 

58 



HOMOGENEOUS HYDROGEN-MODERATED PLUTONIUM 

PLUTONIUM SOLUTIONS, LOW 240Pu 

Plutonium solutions, nominally Pu(N0 ) 3 4, are not. as stable as uranyl fluoride and uranyl 
nitrate solutions.* The addition of nitric acid, one-half normal or greater, is necessary 
t.o prevent. the formation of polymer over most of the plutonium concentration range. At 
300 g Pu/L and greater, polymer can appear even in the presence of nitric acid. For 
comparison, uranyl fluoride solutions without excess acid may attain almost 1 kg U/L 
without precipitation. 

Early Hanford critical experiments with plutonium solutions, both spherical and cylin- 
drical, are reported in Ref. 26. Results for water-reflected solutions are summarized in 
Fig. 28 where there have been empirical adjustments for 240Pu and nitrate contents. The 
relations between H/Pu and Pu density of Table i are supplemented by Fig. 29, which 
shows how that relation changes with HN03 molarity.88 Results are supported by Harwell 
measurements on partially reflected solution.8g 

An extensive program at Saclay led, among other results, to the data summarized in Table 
13 5g~go-g2 Further, supplementary Hanford critical data for solution spheres with various 
reflectors are reported in Ref. 93 ( see Fig. 30). Table 14 contains the items of Table I of 
that1 report for which corrections for neck and support of spheres are available. Data for 
reflectors of I.27cm-thick paraffin, 10.2-cm-thick concrete, and concrete with gaps are not9 
included because such corrections are lacking. Reference 93 also includes critical masses 
of hypothetical m-phase 23gPu-water mixtures over a range of plutonium densities, from 
calculations that give near agreement with experimental data. 

Critical masses and volumes of water-moderated plutonium appear in Figs. 31 and 32, 
diameters of infinite cylinders in Fig. 33, and tlhicknesses of infinite slabs in Fig. 34.267g47g5 
Curves derived directly from experimental data apply to water-reflected Pu( N03)4 solut,ion 
with 1 N HN03 and 3.1% 240P u content, of the plutonium. To show extreme hvpothetlical . 
departures from solution values, computed curves for m-phase plutlonium-water mixt#ures 
from Ref. 93 and Tables 15 and 16 are included in these figures. 

The experimental value of infinite slab thickness t.hat. qpears in Fig. 34 is derived from 
Ref. 94. Adjustments t.o 1 N HN03 and 3.1% 240Pu were empirical. 

The limiting critical concentration in Figs. 31-34, ‘7.6 g “3gPu/L, was deduced at Hanford 
from specifications of a critical plutonium solut.ion in a 4-ft.-diam sphere.g6 This compares 
with 8.0 g 23gPu/L as originally obt!ained from a Hanford Physical Constants Test React!or 
(PCTR) measurenlent52 and as reduced to 7.2 g “39Pu/L in a reexaminatlion of the data.g6 

* Eldon Christensen, Los Alamos IVational Laboratory, Los Alamos, NM ( 1985). 
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TABLE 13. CRITICAL DIMENSIONS OF CYLINDERS OF SOLUTIONS OF 
Pu(NO&, FROM FRANCE 

SoMion Composition _L- 
Densit.y Total NO3 Crit,ical Dimensions 

H/P ‘cl g Pu/L (g/cm5) (g/L) Height. (1kO.05 cm) Volume (L) Mass (kg Pu) 

560 44.7 
610 41.0 
660 38.0 
710 35.2 
780 32.6 
820 30.7 
880 28.9 

1.13 174 31.2 21.3 
1.13 170 33.1 22.6 
1.12 162 35.4 24.1 
1.12 161 3i.9 25.9 
1.11 157 41.1 28.1 
1.11 157 44.8 30.6 
1.11 153 49.6 33.9 

Cylinder o.d. 30.0 cm, C0ncret.e Reflector 

0.95 IL 0.012 
0.93 * 0.012 
0.92 1: 0.012 
0.91 If 0.012 
0.92 zk 0.012 
0.94 Ik 0.012 
0.98 t 0.012 

540 47.0 
670 37.5 
770 32.8 
900 28.2 
940 27.0 

1.13 170 30.7 20.9 
1.12 166 35.0 23.9 
1.11 . 155 39.0 26.7 
1.10 142 45.4 31.1 
1.11 155 49.0 33.5 

Cylinder o.d. 30.0 cm, Beech Wood Reflector r 

1.13 162 33.7 23.0 
1.12 158 36.4 24.9 
1.11 153 40.1 27.3 
1.11 152 41.1 28.1 
1.10 145 46.6 31.9 
1.10 151 51.9 35.6 

Cylinder o.d. 33.0 cn~, Water Reflector 

0.98 AI 0.015 
0.90 IlLI 0.013 
0.88 zk 0.012 
0.88 zk 0.012 
0.90 Iii 0.012 

580 43.6 
640 39.4 
710 35.4 
740 34.0 
810 31.2 
880 28.7 

1.00 * 0.014 
0.98 =t 0.014 
0.97 xt 0.013 
0.96 31 0.013 
0.99 * 0.013 
1.02 * 0.013 

540 45.5 1.13 If W W  ( 26.3 20.5 0.93 It 0.009 
650 38.2 1.11 176 29.0 22.7 0.87 rt 0.008 
750 33.3 1.12 168 32.i 25.7 0.86 31 0.008 
830 30.1 1.11 161 35.6 28.1 0.85 3~ 0.007 
890 28.0 1.10 152 38.5 30.4 0.85 31 0.007 
980 25.7 1.11 146 43.7 34.7 0.89 III O.OOi 
1070 23.4 1.09 145 51.6 41.i 0.96 31 0.007 

Cylinder o.d. 30.0 cm, Water Reflectlox- 

Note: 240 Pu cont#ent. -1.5%; reflector thickness 40 cm on lateral surface only, stainless steel 
wall tlhickness 0.3 cm. 
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TABLE 14. CRITICALITY OF Pu(NO& SOLUTIONS (4.6% 240Pu) 

Reflector 
Density HN03 Total NO3 Critical Critical Mass 

H/P u (g Pu/L) Normality k/L) Volume (L)” (kg wa 

29 3-cm-diam Stainless Steel Sphere, 0X4-cm-thick Wall . 

Water 354 73 02 . 86 12.9 
Water 344 74 04 . 105 12.9 
Water 243 100 19 . 230 12.9 
V17ater 192 126 23 l d 262 12.9 
Water 87 269 11 . 346 12.9 
Water 81 295b 08 . 303 12.9 
Water 54 435b 08 

0’44 
372 12.9 

28.6-cm Concrete 341 75 109 12.9 
28.6-cm Concrete 100 236 1’16 . 318 12.9 

35.6-cm-diam Stainless Steel Sphere, O.IK&cm-thick Wall 

2.54-cm Paraffin 443 54 43 . 323 23.4 
2.54-cm Paraffin 256 85 64 . 482 23.4 
2.54-cm Paraffin 223 98 61 

1'07 
473 23.4 

25.4-cm Concrete 848 29.6 118 23.1 
25.4-cm Concrete 651 36.6 4’39 

6’37 
310 23.1 

25.4-cm Concrete 518 43.4 
Water 754 33.2 2’08 

445 23.1 
164 23.1 

Water 618 38.6 4’07 292 23.1 
Water 466 47.5 6’66 462 23.1 
Water + 0.183cm 452 49.5 6’01 . 424 23.1 

Stainless St*eel 

38.6-cm-diam Stainless Steel Sphere, O.I22-cm-thick Wall 

None 668 39.0 04 . 64 30.8 
None 125 172 49 . 486 30.8 
0.66-cm 758 34.3 05 . 66 30.8 

Stainless Steel 
Wat,er 1068 24.4 05 . 58 30.1 
m7ater 553 38.7 i.7 517 30.1 
Water + 0.203-cm 1032 25.2 05 . 60 30.1 

Stainless Steel 

0.94 
0.96 
1.29 
1.63 
3.47 
3.81 
5.61 
0.97 
3.04 

1.25 
1.99 
2.28 
0.68 
0.85 
1 .oo 
0.77 
0.89 
1.10 
1.14 

1.20 
5.31 
1.06 

0.73 
1.16 
0.76 

a Corrected for neck and support. 
bContains Pu( VI) and plutonium polymer, increasing the uncertainty to & 5% 
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TABLE 15. CRITICAL DIMENSIONS OF REFLECTED SPHERES, INFINITE 
CYLINDERS AND INFINITE SLABS DEDITCED FROM EXPERIMENTS 
WITH Pu02 - POLYSTYRENE COMPACTS 

H/P U 

Atomic 
Ratio 

Sphere Radius 
(cm) 

Infinite Cylinder . 
Diameter 

( > cm 

Infinit,e Slab 
Thickness 

( > cm 

5 

5 

5 

15 

15 

15 

15 

50 

50 

50 

50 

50 

PuO;! - Polystyrene, 2.30 g Pu/cm3, 11.46% 240Pu:a 
14.15 & 0.4- l  17.9 -+ 0.7 

23gPu - Water, 4.16 g Pu/cm3, 0% 240Pu:’ 
8.4 zk 0.1 10.2 AI 0.4 

23gPuo2 - Water, 3.46 g Pu/cm3, 0% 240Pu:b 
9.3 St 0.1 11.5 zk 0.5 

PuO2 - Polystyrene, 1.12 g Pu/cm3, 2.2Y0 240P~:a 
13.5 rt 0.2 17.2 & 0.4 

PuO2 - Polystyrene, 1.05 g Pu/cm3, 8.0% 240Pu:a 
15.6 j, 0.2 - 20.1 zk 0.4 

239pu - Water, 1.62 g Pu/cm3, 0% 240P~:b 
10.6 zk 0.2 13.4 zk 0.3 

23gPuo2 - Water, 1.50 g Pu/cm3, 0% 240Pu:b 
11.0 It 0.2 14.0 XII 0.3 

PuO2 - Polystyrene, 0.367 g Pu/cm3, 18.35% 240Pu:u 
2O.Orfl. - 26.5 31 0.2 

23gPu - Water, 0.521 g Pu/cm3, 0% 240P~:b 
11.6 If: 0.1 14.8 III 0.2 

““‘PuO2 - Water, 0.508 g Pu/cm3, 0% 240P~:b 
11.8 h 0.1 15.0 I 0.2 

Pu - Wat.er, 0.521 g Pu/cm3, 18.35% “40Pu:b 
17.2 zk 0.1 22.8 31 0.2 

PuO2 - Water, 0.508 g Pu/cm3. 18.35% 240P~:b 
17.4 * 0.1 23.2 i 0.2 

5.9 zfr 0.2 

2.7 5 0.1 

3.24 zk 0.1 

6.0 31 0.1 

7.4 ItI 0.1 

4.5 zt 0.1 

4.8 41 0.1 

10.9 I!I 0.1 

5.2 31 0.1 

5.3 5 .l 

9.4 * 0.1 

9.6 It 0.1 

a Plexiglas reflector. 
%‘at.er reflectfor. 

69 



TABLE 16. CRITICAL DIMENSIONS OF REFLECTED SPHERES, INFINITE 
CYLINDERS, AND INFINITE SLABS DEDIJCED FROM EXPERIMENTS 
WITH Pu02 COMPACTS AT H/Pu = 0.04 

Composition 

w lere Mini t#e Infinite 
PI1 240 Pu Radius Cylinder Slab 

(g/cm3) (wt%) (cm) -(Cm) ( ) cm 

PuOz-watera 58 
19.;6 

18.35 11.2 * 0.4 13.4 zk 0.6 3.34 zk 0.10 
23gPu-water b 0 4.22 If: 0.14 4.76 Ifr 0.22 0.82 * 0.02 
23gPu02-waterb 9.96 0 6.6 zt 0.2 7.7 zt 0.3 1.60 & 0.04 
PuOz- water b 19.16 18.35 4.70 31 0.16 5.4 zk 0.3 1.15 Ilk 0.03 
PuOz-water 9.96 18.35 7.4 Ik 0.3 9.0 * 0.4 2.31 31 0.06 

a Plexiglas reflector. 
bWatper reflector. 
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PLUTONIUM SOLUTIONS, UNLIMITED 240Pu 

The critical infinite slabs reported from Hanford in Ref. 94 apply to solutions of Pu con- 
taining 23.2% and 18.4% 240Pu, as well as 4.7% 240Pu. Because no high 240Pu data exist 
for spheres, reflected slab thicknesses were converted to equivalent sphere radii by means 
of the extrapolation distances, 6,l for slabs and 6, for spheres, that are listed in Table 17. 
Critical radii of spheres, T,, were obtained from S, calculations that reproduced corre- 
sponding critical slab thicknesses, t,l. The listed values of 6, then satisfy the relation 

r + 6,= t,l + 2(1.06 6,), 

where 6,l = 1.06 6, for consistency with Fig. 6. Values of 6,l measured in finite slabs 
but attributed to infinite slabs are shown parenthetically in Table 17 to suggest that the 
calculated values are reasonable. 

In addition to the Hanford data, Table 17 includes critical data from Saclayg7 for a solution 
of plutonium containing 19% 240Pu The system selected represents the high H/Pu extreme 
of a range of measurements. Not included is a Hanford critical experiment with solution 
of plutonium containing 43% 240Pu with partial water reflectlor.g8 

Computed values that are tied to the points of Table 17, give the curves of critical mass vs 
percent 240Pu that appear in Fig. 35. These curves apply to water-refiected metal-water 
spheres. 
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TABLE 17. CRITTCAL WATER-REFLECTED PLUTONIUM SPHERES FROM 
INFINITE SLAB THICIiNESSES OVER A RANGE OF 240Pu COWT~~~ 

Infini tie Slab Sphere 
6 531 6 

Thickness Calc.( Ohs.) Calc.cObs.) Critical Critical Critical I@ 
(cm) (cm) (cm> Radius (cm) Volume (L) (kg pul 

9.13 
4 69% 

(6:40) 
240Pu 

5.46’ 
58 Pu/L, g 2.3 N 

15.25 
HN03, H/Pu = 425: 

5.79 (6.04) 14.9 0.86 

11.38 
18.4% 240Pu, 66.5 g Pu/L, 2.4 N = 367: 

- 
HN03, H/Pu 

6.15 (6.49) 5.80 (6.12) 17.9 23.9 1 . 59 

11.64 
18 4% 240Pu 240 8 

g 
Pu/L, 4.1 N 

- 
HN03, H/Pu = 89: 

7.25 (7.;9) 6.8; (6.T8) 19.3 30.1 7 . 25 

49.8 
18.9%240 Pu, 13.2 g Pu/L, 2.3 N HN03, H/Pu = 1850P 

5.94 56 . 56.1 740 98 . 

12.43 
73 2% 

(-k) 
240Pu 

6.9; 
283 8 
(7.24) g 

Pu/L, 2.2 N 
- 

HN03,H/Pu = 78: 
7.31 20.15 34.3 9 u . l 

aFrom parallelepiped, 130 x 130 cm x 66.3 cm high. 
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PLUTONIUM - POLYSTYRENE COMPACTS 

Three reports from Hanfordgg-101 describe critical experiments with homogeneous PuOz- 
polystyrene mixtlures at’ H/Pu ratios of 5, 15 and 50. Each set. of experiments applies to bare 
and Plexiglas-reflected parallelepipeds ranging from elongated to squat shapes. For each 
composition, critical dimensions are extrapolated to the infinite cylinder and infinite slab 
and converted to the equivalent sphere. Calculations based on these dimensions also give 
corresponding dimensions for plutonium-water and PuOz-water mixtures. Reported sphere 
radii, infinite cylinder diameters, and infinite slab thicknesses for the reflected systems are 
given in Table 15. 

The PuOz-polystyrene experiments were supplemented by similar measurements with 
slightly moderated compressed PuO2 compacts.i” The deduced critical dimensions of 
reflected spheres, infinite cylinders, and infinite slabs which were reported appear in Table 
16 . 

HOMOGENEOUS PLUTONIUM-URANIUM SYSTEMS 

Liquid Metal Fast Breeder Reactor (LMFBR) f ue c c e 1 y 1 operations have led to crit- 
ical experiments with moderated plutonium-uranium mixtures at Hanford and Alder- 
maston. Hanford measurements with bare and Plexiglas-reflected PuOz-UOZ-polystyrene 
compacts, which were readily interpretable,103-105 were supplemented by others with par- 
tially reflected plutonium-uranium nitrate solutions. lo6 Aldermaston reported criticality of 
polyethylene-reflected PuOz-UOZ-polyethylene compacts of various shapes,lo7 and water- 
reflected plutonium-uranium nitrate solutions at various concentrations of plutonium.1o8 

Table 18 gives critical dimensions derived from the above experiments for various reflected 
shapes. The Hanford reports also give critical sphere, cylinder, and slab dimensions for 
idealized 23gPu02-U( 0.72)02- water mixtures. 

Calculations log based on the Hanford and Aldermaston data led to subcritical limits for 
plutonium-uranium mixtures that appear in the American National Standard for Nuclear 
Criticality Control and Safety of Plutonium-Uranium Fuel Mixtures Outside Reactors?’ 
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TABLE 18. CRITICAL REFLECTED Pu-U SYSTEMS, DIMENSIONS DEDUCED 
FROM CRITICAL EXPERIMENTS 

Pu Pu 240Pu 
in Pu+U HN03 Density in Pu Critical 
(Wt %) H/P U @) 0 (Wt %) Shape Dimension (cm) 

76 . 
76 . 
79 . 
79 . 
79 . 
81 
Id6 
14'6 
14'6 
15.0 
29'3 
29'3 
30'0 
30'0 
30'0 . 

PUO;! - U(o.151)02 - Polystyrene, Plexiglas Reflector:103J05 

259 
259 
659 
659 
659 
93 
210 
210 
210 
20.2 
97 . 
97 
1;s 
158 
158 

64 
64 
28.4 
28.4 
28.4 
160 
85 
85 
85 
510 
1010 
1010 
112 
112 
112 

23.0 
23.0 
80 . 
80 . 
80 
1; 5 . 
80 . 
80 . 
80 
1; 5 
11-5 
11.5 . 
80 . 
80 . 
80 . 

cube 47.3 rfc 0.2 edge 
inf. slab 20.0 
sphere 22.6 -+ 0.1 r 
inf. cyl. 31.2 5 0.2 diam 
inf. slab 14.8 -+ 0.6 
cube 47.8 edge” 
sphere 19.7 31 0.2 r 
inf. cyl. 26.4 k 0.2 diam 
inf. slab 11.6 k 0.1 
cube 52.1 edge” 
cube 35.7 edge” 
inf. slab 12.9 
sphere 18.5 ZII 0.3 r 
inf. cyl. 24.6 k 0.2 diam 
inf. slab 10.8 zk 0.1 

PuO2 - U( 0.72) - Polyethylene, Polyethylene Reflector:lo7 

25.1 18.6 - 950 59 . cube 27.7kO.l edge 

PuO2 - U( 0.72) Nitrate Solution, Water Reflector:“’ 

30.6 224 1.60 101 56 . cyl.,h=d 300 & 0.3 diam 
30.6 795 1.10 31.6 56 . cyl.,h=d 338 ZfI 0.3 diam 
30.6 1372 0.95 18.6 56 . cyl.,h=d 441 diam 
30.6 1461 0.93 17.5 56 . cyl.,h=d 456 diam 

a From near-cubic parallelepiped. 
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WATER-MODERATED PLUTONIUM AND PLUTONIUM-URANIUM 
LATTICES 

Consideration of t#he Plutonium Recycle Program led tIo Hanford critical experiments with 
water latt,ices of plut.onium-alulnin;nl rods. ‘ii To maintain a reasonable number of ele- 
ments, 5 wt.70 Pu in aluminum was chosen instead of the 1.8 wt% Pu considered for recycle. 
R.ods of 1.29- cm- diam and 61-cm length were clad with 0.076-cm-bhick Zircaloy-2. Mea- 
sured bddings and ext,rapolation distances for various spacings of rods in a hexagonal 
latt.ice are given in Table 19, wit.h crit,ical volumes and masses of corresponding water- 
reflected equilateral cylinders. 

TABLE 19. HEXAGONAL WATER LATTICES OF l-29-cm- BY 61-cm- RODS OF 
5wt% Pu (5% 240Pu) - ALUMINUM CLAD WITH 0.076-cm-thick 
ZIRCALOY-2. 

Center 
Spacing 
(cm> H/P U 

Equilateral Cvlinder 
Extrapolation Crit,ical 

Buckling Distance Volume Critical Mass 

(10 -’ cm -2 ) ( > cm CL) (kg w 

1.90 
2.16 
2.29 
2.54 
2.79 
3.05 
3.30 
3.81 

218 
354 
477 
5;;o 
760 
940 
1150 
1610 

96.05 8.10 
108.39 7.92 
112.61 7.93 
108.53 7.73 
101.07 7.34 
88.40 7.03 
76.81 6.03 
53.32 5.80 

60 
47.7 
44.1 
48.8 
60 
83 
GO 
234 

3.45 
2.14 
1.76 
1.58 
1.65 
1.83 
2.42 
3.35 

Also at. Hanford, Fast Test+ React!or fuel pins became available for measurements of square- 
pitch water-flooded lattices?” The fuel of each pin consisted of a PuOz-U(natural)Oz 
mixt*ure cont.aining 19.84 wt#% plutonium and had dimensions O.&M-cm diam by 91.4cm 
length. The plut50nium content. of a pin averaged 34.2 g and contained 11.5% 240Pu. The 
t vpe 316 stainless-steel cladding was O.O38-cm t,hick. Lattice characteristics appear in c 
Table 20. 
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TABLE 20. SQUARE WATER LATTICES OF O.Wkm-diam BY 91.4cm-long 
Pu02+U02 AT 9.8 g/ cm3 CONTAINING 19.8 wtf% PLUTONIUM 
CLAD WITH 0.038-cm-thick STAINLESS STEEL 

Cent. er 
Spacing (cm) 

Water/Fuel Lattice Width 
Vol Rat,io No. of Pins 

Critical Number 
of Pins 

0.767 j, 0.013 1.67 36 1037 rt la 
0.952 * 0.013 3.33 28 605 31 1 
0.968 31 0.013 3.49 28 579 * 1 
1.259 Ik 0.013 6.87 18 279 & 1 
1.534 It 0.013 10.88 18 205 zk 1 
1.905 Ik 0.013 17.53 14 162 If 1 

“Included 65 rods contjaining 24.4 wt.% Pu, which was corrected to 1268 rods all of 
which contained 19.8 wt.% Pu. 
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HOMOGENEOUS HYDROGEN-MODERATED 233U 

Unlike the survey of U(93) so u ion cylinders with a large height/diameter range, all critical 1 t 
233U solution cylinders were nearly ecluilat.eral.40 Thus deduced infinite cylinder and slab 
dimensions are more dependent. upon the calculations of Table 5 and Fig. 6. With one 
exception, the reflector, where present., was paraffin instead of water. A single measurement. 
with water reflection gave essentially the same crit#ical dimensions as paraffin. France also 
has reported data for partially reflected 233U solution in cvlinders.5g~g2 c 

The initial 233U solution survey was supplemented by spherical measurements, all at. Oak 
Ridge. 48y51J I3 Critical paramet.ers for 233U ‘$ similar to data presented earlier for U(93) and 
plutonium, appear in Figs. 36-39. 

In addition to the 233U0 2 F 2 solutions represented in Figs. 36-39, there were data for a 
similar range of critical 233U02( NO3)2 solutions. Ratios of uranyl nitrate to uranyl fluoride 
critical masses, influenced by nitrogen capture, appear in Table 21. Because of significant 
differences for concentrated solutions, ratios are given as functions of bot,h 233U density 
and H/233U. Table 21 may be presumed to apply also to U(93) solutions, for which no 
direct comparison exists, but. see Ref. 44. 

TABLE 21. SPHERICAL WATER-REFLECTED CRITICAL MASS RATIO, 
m. [233U02( NO&] /m, [233U02F2] SOLUTIONS, vs 233U DENSITY 
AND H/233U 

233 Density Critical Mass 

(k/L) Rat. io H/233U 
Critical Mass 

Ratio 

0.0338 1.00 760 1.02 
0.0492 1.00 510 1.01 
0.064 1.03 394 1.03 
0.100 1.06 247 1.02 
0.160 1.04 151 1.00 
0.274 1.14 84 1.09 
0.381 1.23 58 1.11 
0.491 1.43 . 42 1.26 

78 



.-----c--- 
----- ----+a---b-s,*-.- 

.__L________ - _____ J ________,________________)__-__..______ 
,’ 

0 
2 

VJ 
c 

0 
Fi 
z -1 

< 2 b 

~~~ 

tz 
2 F= 
s ii i --- 

- 
t 

I 
I 

I 

1”’ 
’ 

1 
I 

I 
I 

III1 
I 

I--lq 

- 
1 

I 
I 

I 
n 

c 
n 

G
” 

d 

(87) 
S

S
W

 
W

XLl2D
 

W
3W

lH
dS 

ncEz 

c=; 2 
w

 
3 k 

.,h -c 
k-z 79 



I,--- 
8 

2 
i 

p: 
2 

2 

cf) 
g 

C
R

 g 
I-- 

g 
c 

g 
g 

2 
,!- 

w
 

2 

c;l 
L 

22 
t? 

g 
n 

s! 
w

 
cl 

c 
2 

- 
b 

-1 
-- 

F+.~ 
g 

g 
2 

3 
E4 

n 
L 

2 * 
g 

w 
s 

[1= 
z 

4 
n 

23 
3 

4 

004x 

I =E 

2 52 
1 

az 
t 

I I t- 
22 

/’ 
, 

(7) 3FW
lO

A 
W

312ElHdS 
W

XLItl3 

- d , 
I I 1 . . 

I 
-- -. 

t < 
. eJ 
. w

 
. z 

: iz 
m

 u 
-; - n 
‘2 
- v e P= 
- u cl 

z 
.G

 5s 
ii I- 

-t- 

-B-M
- -l--i 

3 \ w 
& : z cv 
L 0 * b E z i4 
ca 

-2 E; 
-d 

$ l t3 

2 

-g L c3 

K 2 a 

3 

w Et 
0 

2 G
 

. 

z b 

-c: 3 

5 

2 cv w E Iz 
0, 

-El E I 

& s 3 E E 3 E 0 

e 3 2 E 

2 0 3 

rcj c3 
u 

a; 
-e 

Y 
-r3 

-2 
3 

b 
L 

.2 

G
-5 l %

 
Z%

 
‘+ u 

80 



---------------I----< 
.--. ---b---L---- 

(L------ 
------_--. 

,------ 
---------o---- 

VI 

==I 
E 2 

g 
3 

p= 
I 

* 
3 

, / 

u 
5t 

I I 

$3 
fl 

r 
w 

G
 

pz 
I 

z 
3 

w 
I 

& 
0 

2 
1 

I 
m

 
z= 

I 

s 
2s 

,! 
I J 

z 
s 

-3 
I 

I 
I 

I 
illI 

I 
I 

I 

2 
iz T;i 

g 
13 z 

>r< 
t 

Y g 
I I 

c 
I 

z 
s 

I 
0 

I 
E E J 

I I 
3 

J 

4 
4 

3 

e 
k 

-I-- 

, I f 

I 
a 

2 
Cl 
4 

i 
1 

I 
L 

, 
I 

I 
I 

I 
1 

1 
I 

I 
Y/Ill 

I 
I 

I 

0 0 
0 

@
a) 

~31L3W
ICl 

%
KlNI?A3 

3LlNIJNI 
W

XLI’t113 

I ---a 
0” 

- . 
no 

. =3 
m

M
 

cv 
3 %

 
b 
3 E I b 2 3 z 2 5 E 0 w 

< v; 
k 

-2 

“e F 
2 css 
Lo u 
-Ll 
-w s=t 
=a 

6 

.s 
*$ 1, 

%
‘r) e 

;2 
%

 

-2%
 

u E%
 .N 

g-v 
$2 

%
 

‘W
 

*rcI 
2 

- 
w 

‘iT 
y 

u 
3 

3 
L 

u 
u 

2%
 

z 
3 

.N 
T 

u 
Q

 
%

 
3 

oc; 
c 

- 
0 

-N 
- 

3 
b- 

G
G

 81 



-- m
-w --------- 

~ 

----- 
r 

I 
.-------------C-l,----------------~ 

-----.,-----w-- 

f 4 

ii 
s si 

- n 2; 
ii 

I 
- 

I 
15 

G
 

x 
I 

R
 

I 
I 

El 
g 

s 

I 
I 

3 
K 

a= 
I 

I I 

2 
3 

: 
I , 

0 
4 

I 
VI 

u) 
s 

z- 
I 

i’ 

pj 
I 

*ct 

%
 

1 r 

---.1---(.------------------.--------------.- 
.----a----------- 

-----.-----------_---------, 

I 
I 

I 
I 

1111 
I 

I 
I 

I 
1 

I I 
P 

0 
A 

(ua)SSBNX31HL 
EW

IS 
3UNldNI 

?VXLI?D 

+-I -- E; 
P d 

v 3 ii? 

5 E L Q
! 

%
 3 

6 
3 

q 
-r3 

E 
? 

r-s 
&z 
E-E 
033 

-rE 
-Y ‘@

 
o,> 
2 -w

 
0 

2 
l 

@
 

0) 

2-g 

E 
L 

%
g L 

23 

%
z 

-5 
-g 

2 
c 

-fQ
 c 

O
 

.Y 

3-3 
w 

l 
r3 

0 

-. 
w 

-$ 
l 

c4j 
3 

q 
0 

3 
‘C 

-rc, 

G
 

2 
: 

z 

c, 

u 
t! 

su 

u 
VJ 

2s 

3 

Y
 

2 
‘- 

.w 

. 7 
Et 

+ 

w 
‘N 

2-u uz 

E
 

-c3 
8 

“% 

G
E! 

s 

2” 

. 

-tz, 

b 
‘IQ 

M
 

Et 
2 



POISONED SYSTEMS 

HOMOGENEOUS ABSORBERS 

Uranium 235 

Changes in the concentrat#ion of uranium required to compensate for boric acid additions 
to certain critical UOz(NO 3 ) 2 solutions have been established at. ORNL.51 All assemblies 
were essent,ially unreflected 59-cm-diam spheres. For U(93.2), initially critical atI H/235U 
= 1380, the system remained critical when ~1.55 atoms of 235U were added per a,tom 
of boron atI concentrations up to 0.23 g B/L. D a a also exist on poisoning by nitrate, t 
phosphate, and bismuth.44 

Hanford critical experiments ‘14 that determined the influence of cadmium nitrate dissolved 1 
in U(85)02(NO ) 3 2 solution, or in the water reflector, supported the design of dissolvers at 
the Idaho Chemical Processing Plant. Solution was contained in a cylinder 24.Zcm-i.d. by 
107-cm inside height,. Water reflector extended to the top of the vessel and was underneath 
the tank. The observed critical conditions are summarized in Table 22. 

ORNL also reported experiments relat,ed to the design of dissolvers. In one series84, 
aluminum-clad, uranium-bearing, fuel plates were latt#iced in water, in dilute 
U(92.6)02(NO& solution, and in uranyl-nitrate solution in which boron was also dis- 
solved. In another series, ‘I5 U 62 4)02-Be0 ( fuel pins were lattliced in water, in boron 
solution, in dilute U(92.6)Oz(NO i 3 2 solut,ion, and in water containing both boron and 
uranyl nitrate. 

TABLE 22. EFFECTS OF DISSOLVED CADMIUM NITRATE ON THE CRITICAL 
HEIGHT OF WATER-REFLECTED U( 85)02(N03)2 SOLUTION= 
IN A 24.2-cm-i.d. CYLINDER 

Cadmium Concentration (g/L) 
in Solution in Reflector 

Critical 
Height 
(cm) 

0 0 22.33 
0 15 30.58 

1.98 0 28.20 
3.98 0 37.75 
6.35 0 76.05 

a The solution contained 0.194 M excess nitrate. 
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Addit#ional information about, homogeneously distributed poison is yielded by PCTR ex- c 
periment.s, namely, tIhe concent.ratlion required in a fissile mixture to reduce k, to unity. 
Figure 40 gives resu1t.s for the effect. of boro11 in homogeneous U(3.04)03-polyethylene mix- 
t.ures at, various H/‘35U at#omic rat iosl” and also includes a point. for a U(2.00)Fq-paraffin 
mixture? Figure 41 gives t.he boron concentrat,ion required to reduce koo to unity for 
optimally moderated homogeneous mixtures of hydrogen and uranium as a function of the 
uranium enrichment. The values at, 3.04 and 1.03’ wt.% were established experimentally;‘ls 
the value at. 2.00 wt,% was e&mat#ed from t’he one measurement. shown in Fig. 40. The 
extrapolation beyond 3 wt% is t.entativeJ4 

Plutonium Solutions 

Hanford data on t.he influence of excess nitrate on the critical mass of water-reflected 
plutonium solut.ions2” was shown in Fig. 28. There is less extensive information from the 
same source on poisoning by lithium, bismuth, and phosphate. 

Eflects of gadolinium as an absorber in plutonium-nitrate solutions were measured at 
Hanford in a, Wcm-diam cylinder reflected with water on the lateral surface and baseYg 
For a solution containing 116 g Pu/L, 8.3% 240Pu 7 and 1 85 N HNOS, crit.ical heights ranged . 
from about1 17 cm to 80 cm as gadolinium was added progressively to a concentration of 
about 2.4 g/L. According t.o calculations based on t,he experimental results, 4 g Gd/L would 
reduce k o. to unity. Similar measurements with solution at 363 g Pu/L, 8.3% 240Pu, and 
4.1 N HNOS extended the absorber concentSration to 20 g Gd/L. In this case the deduced 
gadzinium concentration for k, = I is about ‘70 g/L. 

Crit,ical radii of wat!er-reflected spheres of Pu(4.7% 240Pu)-U solution containing gadolin- 
ium were also established at Hanford. 120 Results are summarized in Table 23. 

Other Hanford experinlents with absorbers included effects of randomly packed glass or 
stainless st.eel Raschig rings in plutonium-nitsrate solut.ion,121 and comparisons of plates of 
various absorbers extending t,hrough Plexiglas-reflected Pu02-U02-polystyrene 
assemblies. 122~123 In the first. case, glass Raschig rings, 3.8-cm-diam by 4.3-cm long and 
0 37-cm wall thickness, contlained either 0.5 or 4 wt#% boron, and stainless-steel rings, 
1 G-cm-diam by 1.27cm long and 0.16-cm wall thickness, contained 1 wt% boron. . 
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TABLE 23. CRITICALITY OF PLUTONIUM - URANIUM SOLUTIONS 
CONTAINING GADOLINIUM 

Sphere Wall wt.% Pu HN03 Critical Radius(cm) 
Thickness(cm) in Pu + U g Pu/L g Gd/L Normality Observed Calc+o Gd 

0.112 31 70.9 0.051 3.12 17.87 17.14 
0.122 32 35.0 0.025 1.49 19.30 18.36 
0.122 15 45.6 0.005 21 . 19.31 19.26 

Plutonium-nitrate solutions ranging from 63 to 412 g Pu/L were critical in 30.5-, 45.7-, and 
61-cm diam water-reflected tlanks without Raschig rings but! only in the 61-cm tank with 
0.5 wt70 berated rings. Exponential measurementIs with the 4 wt% borated rings indicated 
that bucklings were negative for all plutonium concentrations below 391 g/L. Similarly, 
with 1 wt% borated stainless steel rings, bucklings were negative for concentrations below 
412 g pu/L. 

Two sets of measurements were reported for reflected PuOz-UOZ-polyst#yrene assemblies 
at H/(Pu+U) = 30.6 with 14.6 wt% PuO2 in the PuO~+UO~, and H/(Pu+U) = 2.8 with 
29.3 wt#% PuOz in the Pu02+U02122T123. The first. composition was selected to give a 
relatively soft. neutron-flux spect,rum, and the second composition a hard spectrum. 111 

the first set eit#her one or t.wo plates of copper, copper plus 1% cadmium, or aluminum ex- 
tended through the core near its midplane. Critical conditions were described adequately 
for comparison with Monte Carlo calcula.tions. In the second set. of experiments a single 
absorbing plate extended through assemblies of the same composit.ions. In order of ef- 
fect#iveness, the absorbers tested were boral, cadmium, stainless steel containing 1.6 wt% 
boron, stainless steel containing 1.1 wt.% boron: stainless steel without* boron, uranium 
depleted to 0.2 wt% 235U, and lead. Again, the critical assemblies were well described. 

Uranium 233 Solutions 

The effect, of nit#rogen as an absorber has been indicated bv t.he comparison of critical 
masses of 233 UO2( NO3)2 solutions wit111 233 U 02F2 solut,ions in Table 21. Furt!her, the 
influence of horosilicate glass Raschig rings in 233U solution is included in Table 24. The 
onlv other experiments with poisoned 233U solutions, also at. Oak 
of boron on the crit#ical concent.ration of 

Ridge, gave the effect 
233U in a 69-cm-diam sphere of ’ 233U02( NO3)2 

solut8ion with lit,tle excess nitrate.5’ In summary, t,he addition of H3B03 in an amount, 
corresponding to 0.091 g B/L required an increase of 233U concent.ration from 16.7 g/L 
(H/233U = 1530) to 19.4 g/L (H/233U = 1320) t,o maint.ain criticality. This represents 
about, 0.75 atoms of boron per at.om of added 233U. 
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HETEROGENEOUS ABSORBERS 

Experiments at. ORNL resulted in defin&ive measures of tlhe effectiveness of borosilicate- 
glass Raschig rings as fixed poisons in U( 93)Oz (NO& solutsions124 and 
‘33UOz(N03)2 solut.ions.113 All measurements were made in cylindrical geometry, with 
the amount0 of boron in the rings, the cylinder diameter, the ring dimensions, and the 
solution concentPration as variables. The n‘at*ural boron content of the rings varied from OS 
to 5.i’ wt.%, and t,he portion of the vessel volume occupied by the glass ranged from 20.9 
to 30 percent. Solutions containing bet.ween 415 and 63.3 g U/L were used. Results from 
exponential experiments, with the use of a critical layer of solutlion above the column of 
solution-ring mixture as a neutron source, provided estimates of the material buckling of 
the subcritical mixtlure as functions of solution concentration, boron content of the glass, 
and the glass volume present. These U( 93) solution experiments indicated that, k, < 1 if - 
the rings were uniformly distribut’ed under the conditIions of Table 24. 

TABLE 24. EXPERIMENTALLY DETERMINED CONDITIONS FOR k, < 1 
WHEN RASCHIG RINGS ARE UNIFORMLY DISTRIBUTED IN 
U(93)02(N03)2 OR IN 233U02(N03)2 SOLUTIONS 

Isotope 

Minimum. Volume Minimum Boron Maximum Solution 
Fraction Occupied Content of Glass Concentration 

by Glass (7%) (wt%) k U/L) 

ww 24 33 . 415 
22 40 . 415 
24 05 . 72 

233 u 38 39 . 333 
33 39 . 204 

Two series of subcritical measurement,s were conducted at. Rocky Flats for hydrogen- 
moderated U(93)02(NO ) y t 3 2 s s ems that contained randomly packed borosilicate-glass 
Raschig rings. In one case the glass displaced Yi.8 ~01% of solution in a 107cm-diameter 
t*ank t#hat was surrounded by a close-fitting square concrete vault. with open top.l”5 The 
rings, 3.8 cm-long and 3.8-cm-o.d. wit-h O.ZO-cm-thick walls, contained 0.090 g B/cm3. 
Resu1t.s indicat.e that+ such a tank, if filled to infinite height, would not. be crit!ical with a 
solution containing -325 g 235U/L. Transformation of dimensions gave 70 cm as the radius 
of the corresponding sphere and 6i’ cm as the thickness of a corresponding infinite slab. 
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In the other case, rings (4.5 cm long and 3.8-cm o-d. with 0.32-cm-thick walls and contain- 
ing 0.135 g B/ cm3) were embedded in slabs of U(93)Oz(NO& - 4B20, which were then 
huil t. into concrete-reflected parallelepipeds.126 In some instances moderation was increased 
by t-he insertion of thin Plexiglas sheetIs. Topically, a. 57.6-cm square core was judged to 
be critical at. a height. of 45 cm with H/U l = 8.01, p(U) = 1.058 g/cm3, and 18.8 ~01% 
glass. The critical height. was judged to be 40 cm with H/U = 11.14, p(U) = 0.934 g/cm3, 
and 16.4 ~0170 glass. The corresponding estimat.ed sphere radii were 31.0 cm for the first. 
composi tOion and 29 ‘i cm for the second. Infinite-cvlinder diameters were about 39.9 and . 
38.6 cm, and infinite-slab thicknesses were about 20*.8 and 19.8 cm. Deduced percentage of 
dimensional increase per volume percent1 of glass for spheres, infinite cylinders and infinite 
slabs were also given. 

Addit’ional ORNL critical dat.a127-130 and Rocky Flatns126 c subcritical extrapolations on the 
effects of heterogeneous poisons on solutions containing 235U at high enrichments are listed 
in Table 25. Shape conversions of the Rocky Flats results for parallel boron-steel plates 
in U(93)02(NO& solutions lead to the following conclusions for essent.ially unreflected 
systems. At. H/235U = 82 and wit.h 2.5-cm plate separation, the steel increased the critical 
sphere radius by a factlor of 2.4. At. H/235U = 100 the corresponding factor is 4.0 with 
2.5-cm plat#e separation and 1.9 with 3.8-cm separation. At. H/235U = 225, the factor 
is 3.7 with 3.8-cm separation and 1.4 with 5.4-cm separation. The increases of infinite- 
cylinder diameters are only slightly greater than t,he above ratios. Corresponding increases 
of infinite-slab tlhicknesses are 13 to 24% larger than the sphere-radius fact#ors 
( < 20% when the sphere factor is > 2). - - 

Data originating at. Hanford,131 BNL,76y’32 and West.inghouse Electric Corporation Atomic 
Power Departments’ 33 from subcritical lattices of uranium rods of low enrichment poisoned 
with boron homogeneously distributed in the moderator water are given in Table 26. 
The amount. of boron required for B2 = 0 was determined by interpolation of bucklings 
measured with different, amounts of boron in t#he moderatlor. 

0 t her Hanford experiments’ 34 established t,he effect. of soluble gadolinium or boron on the 
critical number of U( 4.3)02 fuel p ins in t.riangular lat,tices with pitches of 2.29, 2.79 (near 
optimum), and 3.30 cm. The fuel pins consistled of 1.26-cm-diam bv 82-cm-long UO2 clad 
with 0.08-cm-thick stainless steel. At. a pitech of 2.79 cm, for example, 0.12 g Gd/L doubled 
t*he critical number of pins (about, 167 wit,hout# absorber) and 0.3'i g B/L had about8 the 
same effect. 

The effect of boron dissolved in t,he water moderating and renect.ing lattices of U( 4.95) 
met.al rods was mentlioned earlier. A more det.ailed account of 0.140 g B/L in triangular 
latt,ices is given in Table 27? 
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TABLE 25. CRITICAL DIMENSIONS OF 235U SOLUTIONS WITH 
HETEROGENEOUS POISONS 

Container Solution Reflector Poison 
Critical Height 

(cm) 

38. I-cm-diam 
stainless steel 
cylinder12’ 

Water 136 steel rods 
2.22-cm-diam (49.2 
vol% of core) 

95.2 

76.2-by 152.4-cm U( 93)02F2 
aluminum tlank128 H/235U=78.7 

Water (half 
reflected) 

10 parallel 
0. M-cm Boral 
plates containing 
about 0.3 g B/cm2, 
clad with 0.16-cm 
stainless steel, and 
spaced 5.8-cm apart 

17.6 

25.4-cm-diam 7J(93)02F2 
aluminum cylinder H/235U=52.6 
in 0.63-cm-thick 
copper12’ 

Water on sides Close-packed 152.4 
and hotV tom copper tubing 4.Zcm 

o.d. and 
having an 0.56 cm effective 
wall thickness 
occupying 33.7 vol% 

50.8-cm-diam 
stainless steel 
cylinder13’ 

U(87)02(N03)2 Water on sides Pyrex tubing or 
H/235U=81.4 and bottom rings < 5.Lcm i-d. - 

and cant aining 
-0.28 g B/cm3 
7.8 ~01% glass 24.8 
9.45 ~01% glass 29.5 
11.5 ~01% glass 34.6 
13.3 ~01% glass 49.8 
13.95 vol% glass 76.5 
16.7 ~01% glass 

Subcritical at. 91 A 

50.8-cm-diam 
stainless steel 
cylinder130 

U(87)02(N03)2 Water on sides Pyrex tubing 5.Lcm- 31.7 
H/235U=141 and hot, t om i.h. and containing 

-0.28 g B/cm3 
7.8 ~01% glass 
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TABLE 25. (cont.) 

Container Solution Reflector Poison 
Critical Height. 

( > cm 

50.8-cm-diam 
stainless steel 
cylinder13* 

90.5-cm-diam 
steel tank with a 
0.48-cm-wal1126 

H/235U = 82 
H/235U = 100 
H/235U = 100 
H/235U = 225 
H/235U = 225 

Water on sides Pyrex tubing Subcrit.ical at 91.4 
and bottom 5.Lcm-i.d. 

and cant aining 
~0.28 g B/cm3 
7.8 ~01% glass 

Concrete on 
base only 

Parallel O.ZELcm-thick 
stainless stIeel plates 
containing 0.080 to 0.094 
g B/cm3 and extending 
2.22 cm from bottom 
and 3.81 cm from wall 

2.54-cm plate separation 43.9 
2.54-cm plate separation 
3.81-cm plate separation 31.5 
3.81-cm plate separation 
5.33-cm plate separation 31.0 
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TABLE 26. HEXAGONAL LATTICES OF SLIGHTLY ENRICHED URANIUM IN 
BORON-POISONED MODERATOR WATER 

Center 
Spacing (cm) 

Water-to- 
Uranium 
Volume Ratio 

B2 Unpoisoned 
(10 

3 -4 cm-&) 

Boron Concentration 
Required for B2 = 0 
k/L) B/235U 

U (1.007) metal (2.35-cm-diam and 112-cm-long clad with 2.5%cm-o.d. aluminum)13’ 
3.56 1.37 27.94 0.71 0.109 
3.81 1.74 32.94 0.60 0.117 
4.06 2.15 33.41 0.57 0.137 

U( 1.143) metal (1.52cm-diam and 122-cm-long clad with O.O71-cm-thick aluminum)132 
2.17 1 21.33 0.82 0.080 
2.40 15 . 40.23 1.01 0.147 
2.61 2 48.22 0.83 0.162 
2.98 3 47.12 0.49 0.145 
3.32 4 36.03 0.28 0.111 

U( 1.299) metal (1.52cm-diam and 122-cm-long clad with 0.071~cm-thick aluminum)132 
2.17 1 32.11 1.22 0.106 
2.40 15 51.87 1.39 0.180 
2.61 2’ 61.08 1.12 0.193 
2.98 3 60.99 0.69 0.174 
3.32 4 50.38 0.43 0.148 

U( 1.143) metal (0.98-cm-diam and 122-cm-long clad with O.O?l-cm-thick aluminunf7 
1.44 1 12.03 -0.066 
1.59 15 31.21 0.91 0.134 
1.72 2’ 42.26 0.86 0.171 
1.96 3 46.18 0.60 0.176 
2.17 4 40.14 0.39 0.154 

u( 2.7)02 [O-76-cm-diam clad with 0.78-cm i.d. O.ON-cm-thick stlainless steel; 
PWO2) = 10.18 g/cm3] (Ref. 133) 

1.03 23 .Y 40.75 16 . 0.149 
1.10 29 . 53.23 15 . 0.182 
1.19 39 . 63.26 13 . 0.212 
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TABLE 27. CRITICALITY OF U(4.95) METAL RODS LATTICED IN WATER 
AND IN WATER CONTAINING 0.140 g B/L 

Description of Triangular Lattice* Critical Mass (kg 235 U) 

Rod Diam. Pi tlch U Density Latl t*ice Boron 
(cm) (cm) k/L) Height. (cm) Water Solution 

2.49 4.72 234.0 30 6.16 7.58 
60 8.42 10.02 

2.07 4.45 180.6 30 5.15 6.87 
60 6.97 quad 8.91 

1.31 3.21 140.6 30 3.58 4.59 
60 4.89 6.02 

0.76 2.20 103.6 30 2.53 3.30 
60 3.47 4.33 

a The minimum critical mass was attlained at a rod diameter of about 0.17 cm.67 
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FISSILE UNITS WITH VARIOUS REFLECTORS 

REFLECTORS ABOUT URANIUM AND PLUTONKJM METAL 

Critical masses of unmoderated U( 93.5) ineM spheres are given for various reflectors as 
functions of reflector thickness in Fig. 42 and Table 28. These data originated atI Los 
A1arnos20y38J35?136 and Livermore 56 Table 29 adds critical masses of uranium metal at 
various 235U enrichments and densities, also reported from Los Alanlos.20 

Experiments at. R.ocky Flats give critical conditions for various steel-oil (Texaco 522) com- 
posite reflectors aboG spheres of highly enriched uranium metal surrounding a steel baW37 
Irregularities appear in the curve of c&al mass vs thickness of steel reflector within oil at 
steel thicknesses between 2 and 4 cm. These irregularit.ies are attributed to the resonance 
in the neutron elastic scattering cross sectlion of iron. 

From Aldermaston, the critical dimensions of U(6) metal surrounded by various nonhy- 
drogenous reflectors are given in Table 30, and Table 31 gives crit!ical data for U(37.6+) 
metal cubes surrounded with various reflectors. 138~13g 

The less-complete informaGon about reflect.ed spheres of 233U metal, &phase 23gPu, and w 
phase 23gP u can be represented, as in Fig. 43, in terms of the critical mass of U(93.5) metal 
enclosed in a reflector of the same composition and thickness. These correlations (based 
on data from Aldermaston,r3’ Los Alal~los,20’135,136,140,141 Livermore,4’J42 and supported 
by Rocky Flats42), which show no svstlemat.ic distinctlion between nonmoderating and 
moderating reflectors, provide a means of estimating crit#ical masses of t.he other metals 
from the more abundant, data for enriched uranium. R.easonablv complete listings of critical 
masses of plutonium metal and 233U metal appear in Tables 32 and 33. 
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TABLE 28. CRITICAL MASSES OF SPHERICAL U(93.5) METAL WITH VARIOUS 
REFLECTORS 

Reflect,or Material 

Critical Massa, kg of 235U at, a Density of 17.6 g/cm3 
Reflector Thickness (cm) 

Densi t.y ( g/cm3 ) 1 .27b 2.54b 5.1 10.2 Infinite 

Beryllium, type QMV 
Be0 (p=2.&? g/cm3) 
WC 
LJranium 
Tungsten alloy 

(-92 wt% tungsten) 
Molybdenum (99.8 wt%) 
Paraffin 
Polyethylene 
H20 

D20 

Cobalt. 
Copper 
Nickel 
A1203 

Graphite, type CS-312 . 
Iron 
Zinc 
Thorium 
Lead 
Aluminum, type 1100 
Titanium (96.5 wt.%) 
Magnesium 

1.84 

14.7 
19.0 
17.4 

10.53 

0.921 

8.72 
8.88 
8.88 
2.76 
1.67 
7.87 
7.04 
11.48 
11.3 
2.70 
4.50 
1.77 

35.6 29.3 
35.8 29.7 

36.9 31.0 

38.9 30.8 

36.7 31.2 
37.1 31.3 
36.4 31.2 
38.9 34.1 
39.3 34.4 
38.5 34.1 

41.7 
41.9 
42.5 

28.1 
21.3 

38.1 
38.6 
39.9 

20.8 14.1 - 
15.5 -8.9 
21.3 16.5 -16.0 
23.5 18.4 16.1 
24.1 19.4 - 

-24.0 22.9 22.8 
-27.0 21.0 -13.6 

25.4 20.7 
25.7 -21.5 19.6 

29.5 
29.3 
29.8 
33.3 

24.2 
25.3 
25.0 

-16.7 
23.2 

21.8 

Yome of t,llese masses were adjusted to t#he indicat!ed reflector thickness by interpolation 
of t, he measurements. 

bTl~ese mass e were obtained by transformat,ion of resu1t.s from cylinders. s 
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TABLE 29. CRITICAL MASSES OF URANIUM METAL AT VARIOUS 2351J 
ENRK-:HMENTS, LOS ALAMOS DATA 

Uranium Core Reflector 
Density Thickness Densi t.y Crit$ical Mass 

Shape Composition ( g U/cm3) Ma.terial ( ) cm ( g/cm3) (kg a35U) 

sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 

pseudospherea 
pseudospherea 
pseudosphere’ 
ps&dospherea 
pseudospherea 
pseudosphereQ 
pseudosphere’ 
pseudospherea 
pseudospherea 
d=53.3 cm, 

h/d=0.6Sb 
d=53.3 cm, 

ly/‘d=0.83b 
d=S3.3 Cm, 

h/d=1.14’ 
d=S3.3 cm, 

h/d-2.24b 
d=38.1 cm, 

h/d=0.83’ 

U(93.il) 18.74 
T_J (97.67) 18.79 
U(93.9) 18.5 
U(93.i) 18.5 
LJ(93.9) 18.5 
tJ(93.6) 18.6 
IJ (93.24) 18.62 
U(93.90) 18.69 
U(93.99) 18.67 
U(93.91) 18.70 

IJ(94.13) 18.70 

ww 16.0 
u(94) 15.8 

uw 13.1 

UP4 9.35 
U(80.5) 18.i 
IJ(67.6) 18.i5 
IJ(66.6) 18.75 
IJ(4i.3) 18.8 
7J( 16.01) 18.68 

lJ( 14.11) 

IT( 12.32) 

IJ( 10.90) 

IJ( 16.19) 

18.41 

18.64 

18.63 

18.75 

none 
H20 >17 

H20 >30 
D20 (99.8%) 39 
graphite (CS-312) 43 
Be (QMV 11.8 
U (natural) 18.0 
U (natural) 10.0 
U (natural) 4.42 
U (natural) 1.73 

U (nat.ural) 
U (nat.ural) 
U (natural) 
U (natural) 
T_7 (nat.ural) 
IJ (nat.ural) 
I-J (nat.ural> 
LJ (natural) 
U (nat.Ural) 
none 

none 258. -+ 2. 

none 

none 

22.9 av 19.0 
22.2 av 19.0 
22.2 av 19.0 
21.0 av 19.0 
18.4 av 19.0 
22.2 av 19.0 
21.6 av 19.0 
21.6 av 19.0 
19.7 av 19.0 

IJ ( nat.ural ) 7.6 

1.00 
1 .oo 

1.66 
1.84 
18.62 
19.00 
18.67 
19.00 

19.0 

49.12 * 0.15 
21.64 zk 0.04 
23.2 31 0.2 
13.4 * 0.1 
17.0 zk 0.3 
13.1 Ik 0.2 
16.63 5 0.04 
18.61 -+ 0.09 
25.0 AI 0.1 
34.3 * 0.2 

16.39 -+ 0.07 
19.7 -i 0.1 
20.1 * 0.1 
25.3 zk 0.2 
37.0 xt 0.2 
18.3 rt 0.1 
20.8 It 0.1 
21.2 -+ 0.1 
27.1 zk 0.2 
232. -+ 2. 

312 It 2. 

540. * 13. 

111. III 0.6 

a Minimum 1.2 7-cm-cubic units. 
bU 93 3) plates 0 64-cm-thick, interleaved wit.11 natural uranium. ( . 7 - I 
‘Reference 69. --- 
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TABLE 30. CRITICAL PARAMETERS OF U(45.5) METAL WITH VARIOUS 
REFLECTORS 

Material 

Reflectnor Core 
Thickness Effective Radius Critical Height. 

(cm) (cln> (cm If 0.1) 

None 

N at! ural uranium 
(p = 16.3 g/cm3) 

Graphite 
(p = 1.74 g/cm3) 

Borated graphite 
(-5 wt% boron) 

Steel 
(P = 7.24 g/cm3) 

Aluminum 
(P = 2.58 g/cm3) 

0 14.7 
21.5 

15.2’ 14.7 
21.5 
28.1 

15.2a 14.7 
21.5 
28.1 

20.3b 14 7 
2l:5 
28.1 

15.2’ 14.7 
2x5 
28.1 

15.2d 14.7 
21.5 
28.1 

18.4 
13.9 
83 . 
60 . 
51 . 
76 . 
54 
4’52 . 
96 . 
71 . 
61 
is . 
76 . 
65 
1; 2 . 
89 l & 

69 .  

“Crit.ical heights corrected for the effect. of additional 0.33 and O.I7-cm-thick steel 
reflect-or on top and bottom slab faces, respectively. 

’ 15.2-cm-t,hick grap1Gt.e reflector wit.lloutl boron on sides; additional 0.95cm-thick 
aluminum on top and on bot.tlom. 

’ 16.i-cm-t#hick top reflector. 
‘162cm-thick top reflect.or. 
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TABLE 31. CRITICAL DIMENSIONS OF U(37.67) METAL CUBES WITH VARIOUS 
REFLECTORS 

Material 

Reflector Critical Dimensions” 
Density Thickness Length Volume Mass 
k/c1n3) (4 (cm) (L) (kg 

235 
U> 

Air 
Polyethylene 0.919 
Polyethylene 0.919 
Polyethylene 0.919 
Polyethylene 0.919 
Polyethylene 0.919 
Polyethylene plus 0.919 

Cadmiumb 
Beech Wood 0.73 
Beech plus Cadmium b 

Concrete 2.37 
Concrete plus Cadmiumb 
Water 

2.54 
5.11 
10.2 
15.3 
20.3 
20.3 

20.3 20.2 It 0.2 
20.3 22.9 * 0.2 
20.3 18.5 AI 0.2 
20.3 20.5 31 0.2 
20.3 19.0 * 0.2 

26.4 31 0.2 
22.5 31 0.2 
20.1 & 0.2 
18.7 31 0.2 
18.4 31 0.2 
18.35 rt 0.2 
23.0 5 0.2 

18.4 31 0.4 
11.4 Ifi 0.3 
8.08 * 0.2 
6.53 ZfI 0.2 
6.27 rfr 0.2 
6.17 zk 0.02 
12.15 xk 0.2 

8.20 5 0.2 55.0 * 1.4 
11.9 It 0.2 80.1 zk 2.0 
6.36 31 0.2 42.6 3~ 1.0 
8.61 Et 0.2 57.8 -+ 1.4 
6.83 Ifi- 0.2 45.8 31 1.0 

123.6 Jz 3.0 
76.7 31 2.0 
54.2 31 1.4 
43.8 31 1.4 
42.1 31 1.8 
41.4 -+ 0.2 
81.5 rf 2.0 

Note: 235U density = 6.71 g/cm3. 
aTransformed from measurements with rectangular parallelepipeds. 
b0.038-cm-thick cadmium between core and reflector. 
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TABLE 32. CRITICAL MASSES OF PI,UTONIUM METAL WITH OR WITHOUT 
VARIOUS REFLECTORS 

Plut,onium Core Reflector 
240Pu Pu Densit.y Thickness Density Critical Mass 

Shape (wt%) kbn3) Material ( > Cl11 k/cm3) (kg pu>” 

sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
d=8.23 cm, 

h/d=l.ll 
d=8.23 cm, 

h/d=1.82 
d=8.23 cm, 

h/d= 1.22 
d=8.23 cm, 

h/d=1.88 
d=9.8i cm, 

h/d= 1.75 
d=9.8’7 cm, 

h/d=O.il 
d=9.8i cm, 

h/d=0.64 
d=9.8i cm, 

h/d=O.90 
d=9.87 cm, 

h/d=0.86 
d=9.87 cm, 

h/d=l.O8 
d=9.87 cm, 

h/d=0.70 
d=l3.85 cm, 

h/d=o.577 

19.2*5b 
19.25b 
19.25b 
19.25b 
19.25b 
15.8 
15.8 
15.8 
15.8 
15.8 
15.8 
15.8 

L ivermore41y142 

Be 
Be 
Be 
Be 
Be 
Be 
Be 
C (pile grade) 
Ti 
U 
U 
Be 

32 * 4 1.84 2.47 
21 * 1 1.84 3.22 
13.0 rfr 0.1 1.84 3.93 
8.li zk 0.03 1.84 4.66 
5.22 31 0.02 1.84 5.43 
5.25 1.86 7.37 
1.77 1.86 10.8 
3.83 1.63 10.8 
8 4.46 10.8 
6.74 18.8 7.37 
1.93 18.8 10.8 
5 1.86 7.62 31 1% 

15.8 Be 2 1.86 

15.8 5 18.8 

15.8 Be 2 1.86 

15.8 none 

15.8 polyethylene c c 

Be 

10 0.92 

15.8 5 . 1.86 

15.8 Be 2 1.86 

15.8 C (pile grade) 5 1.63 

15.8 C (pile grade) 2 1.63 

15.8 

15.8 

U 5 18.8 

none 

12.5 31 1% 

8.33 Ifr 1% 

12.9 zk 1% 

li.3 k 4% 

8.4 31 4% 

7.6 ItI 1% 

10.6 I!I 1% 

10.1 zk 1% 

12-i k 1% 

8.2 31 1% 

18.i zk 1% 
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TABLE 32. (cont.) 

Plutonium Core Reflector 
240 PI1 Pu Density Thi chess Densi t.y Critical Mass 

Shape (wt.%) k/c~~~3) Material ( 1 Cl11 k/cm3) (kg pu)” 

d=l3.85 cm. 
l~jd=0.284’ 

d=13.8.5 cm, 

h/d=0.392 
d=13.85 cm, 

h/d=0.316 
d=13.85 cm, 

ll/d=0.400 

sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
sphere 
d=.s.G cm, 

h/d=125 
d=.W cm; 

1 Id 1 =i.I 
dx5.6 cm, 

h/d=8.8 
d=I5.2 cm, 

h/d=0280 
d=15.2 cm? 

h/d=0.2i3 

45 
2b.l 
53 .d 
49 . 
49 . 
49 . 
5.1 
15 . 
48 . 2 
1.35 
49 . 
4.90 
4.90 
4.90 

5 

5 

5 

5 

5 

15.8 Be 5 

15.8 Be 2 

15.8 U 5 

15.8 U 2 

Los Alamos 20,136,141 

15.6 
15.7 
19.74b 
15.6 
15.7 
15.6 
15.25 
15.6 
15.4 
15.6 
15.6 
15.62 
13.62 
15.62 
15.4 

15.4 

15.4 

14.3 

14.3 

none 
none 
water I \ 
Be - 
Al 
W alloyd 
Tl 1 

U ( N at.ural ) 
u 
U 
u 
Be 
U (nahiral) 
W alloy d 

water 

grapliitfe li.8 

tJ( 0.3 

water 

graph 

>30 
3.69 31 1% 
7.9 5 1% 
4.70 * 1% 
>21 
-24 
19.6 
11-i 
4.13 * 1% 
3.69 
4.13 
4.70 
> 30 

7.6 18.7 20.0 * O.lC 

te 

‘30 i 

li.8 

1.00 11.1 Ik o.2c 

1.60 10.8 III 0.1’ 

1.86 9.2 It 1%’ 

1.86 12-i * 1%’ 

18.8 10.25 zk 1%' 

18.8 13.0 * 1%' 

1.00 
1.83 
2.82 
17.2 
11.6 
19.0 
19.0 
19.0 
18.9 
1.83 
18.92 
17.21 
10 . 

1.60 

16.8 rtr 1% 
19.3 It 1% 
5.79 -+ 0.6% 
84 c 

1; 0 C . 
84 c . 
93 
5:; 5 o.02c 
6.0 31 0.03' 
67 .Y 

84 
8'39 
8'39 
8.39 . 
27. -+ 1.5' 

16.3 zk 0.1’ 
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TABLE 32. (cont.) 

Plutonium Core R.eflector 
240 Pu Pu Density Thickness Density Critical Mass 

Shape (wt%) Wm3) Material ( ) cm k/cm3 > (kg w” 

d=15.2 cm, 
h/d=0.390 

d=X.2 cm, 
h/d=0258 

dz28.0 cm, 
h/d=o.oss 

d=41.0 cm, 
h/d=&049 

5 14.3 graphite 2.54 1.60 15.4 It O.lC 

5 14.3 U (Natural) i.6 16.7 10.1 * 0.v 

5 13.1= water >30 1.00 21.4 zk 0.8’ 

5 13.1e water >30 1.00 34 * 12 

Note: Plutonium is &phase containing 1 wt.% gallium and parts are coated with 
0.013-cm-thick nickel unless noted otherwise. 
a Corrected for nickel coating unless noted otherwise. 
&-phase plutonium. 
‘Uncorrected for O.OK&cm-t!hick nickel on pieces. 
‘Composition 91.3 wt% W, 5.5 wt% nickel, 2.5 wt.% Cu, 0.7 wt!% Zn. 
‘Average diameter and densit.y of overlapping layers of close-packed Pu disks 

Xl-cm-diam, O.31Zcm-thick, in O-013-cm- thiik nickel cans with l&16-cm-diam, 
O-343-cm-high outside dimensions. 
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TABLE 33. CRITICAL MASSES OF 233U METAL SPHERES 

233 IJ core Reflector 
IT density Thickness Demity Critical Mass 

Composi t*ion (g/cm3 1 Mat*erial ( cm) k/cm3) (kg 
233 U> 

98.13% 233U 
1.24% 234 u 
0.03% 235u 
0.60% 238U 

18.42 none 16.2 k 0.06 

same 18.42 U ( natOural) 19.9 19.0 5.74 -+ 0.03 

98.25 wt% 233U 18.62 Be 4.20 1.83 7.47 
98.25 wt% 233U 18.62 U (natural) 5.31 18.92 7.47 
98.25 wt% 233U 18.62 W alloy 5.79 17.21 7.47 

(91.3 wt% W) 
98.25 wt.70 233U 18.62 Be 2.04 1.83 9.84 
98.25 wt.% 233U 18.62 U (natural) 2.30 18.92 9.84 
98.25 wt% 233U 18.62 W alloy 2.44 17.21 9.84 

(91.3 VA% W) 

Source: Refs. 20, 140, 141. 

104 



REFLECTORS ABOUT HYDROGEN-MODERATED UNITS 

The reflecTor savings effect.ed hv several materials on assemblies of U( l.M)Fd-paraffin w 
mix t,ures were measured a,t. Dounreay. * The results led t.o Fig. 44. Figure 45 shows t-he 
rat’io of the critical volumes of water-reflected spheres t.o those of unreflected spheres from 
the appropriate curves of Figs. 42 and 44 and, from ORNL, reflector savings measurements 
on U (93)OzFz solutions.33 

R.ocky Flat,s experiments with critical cylinders of U( 93.2)02( NO& solution included ef- 
fect#s of positioning the cvlinders within I 2%cm3 cavit*ies with walls of 26-cm-t’liick concrete 
or 21-cm-thick Plexiglas. ( 143 Walls of the plastic enclosure were of normal Plexiglas, but, 
top and bottom were of fire-retardant, Plexiglas containing 6.5 wt% bromine.) Typical 
critical 1-reiglit.s of solut,ions in 28.0- and 3X0-cm-i.d. aluminum cylinders wit-h and without. 
reflector shells are given in Table 34. For some diameters, effects of stainless steel instead 
of aluminum containers were measured. 

Additional information about1 reflected and moderated syst,ems includes the Aldermaston 
subcritical observations 43 that 20 3-cm-thick Perspex (Plexiglas) is more effective about I . 
U( 3O.I4)02-paraffin at H/U235 = 8.14 and 16.3 t*han is polvethylene of tlhe same thick- 
ness. This comparison is shown in Table 10. According to oRNL critical results5* for 
U(93)02(N0& solution at. H/U”35 = 62 to 490, there is lit)tle influence on critical size if 
the inner 6.4-cm of a thick water reflector is replaced bv stainless steel. An infinit.e reflector . 
of steel is more effective t.han one of water. 

A series of experiments, also at, ORNL,‘44 with U(5)0& sohhon at H/235U of 488 
investigated the effect.s of st.eel reflectors of thicknesses bet.ween 0.64- and 5.08-cm on 
the criticality of cvhnders of 33.02- and 39.0%cm-diam. It. was ~110~11 thatB 1.27cm-thick r . 
steel surrounding each of the cylinders produced the maximum decrease in crit!ical mass; a 
.5.08-cm-thick steel reflectNor was not. a,s effect.ive as was an infinitely thick water reflector. . 

* J. G. Walford and J. C. Smith, Dounreav Exptrin~ental React,or Establishment., Dounreay, 
United Kingdom Atomic Energy Aut,ho&, 1963. . 
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TABLE 34. CRITICAL HEIGHTS (h,) OF U(93.2)02(N03)2 CYLINDRICAL 
SOLUTIONS WITHIN A CONCRETE OR PLEXIGLAS ENCLOSURE 
OR WITH ENCLOSURE REMOVED 

1 Z-cm-Cubic Cavit#v 
Without in Z-cm-thick Concrete in 21-cm-thick Plexiglas 
EnclosureQ at. Center in Corner atI Center in Corner 

(g u/L) li,(cm)b (g U/L) h(c@ (g U/L) h&+ (g U/L) l+# (g U/L) h&+ 

SolutOion Diameter: 28.0 cm 

143 33.6 144 31.4 144 24.7 148 31.3 148 25.3 
358 30.9 335 28.6 335 22.3 345 28.8 345 22.9 

Solution Diameter: 33.0 cm 

60 36.7 60 34.1 60 27.3 60 34.3 60 27.7 
146 23.7 144 22.8 144 18.2 148 22.8 148 18.5 
358 22.5 335 21.5 335 16.8 345 21.7 345 17.2 

a Approximately centered in 1 O-m-cubic room with thick concret!e walls. . 
%tandard devia tions less than last. quoted place. 
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SYSTEMS WITH NONHYDROGENEOUS DILUENTS 

The dilut*ion exponent, n(x), is defined such t.hat. t,he critical mass, m,, of fissile material 
whell diluted homogeneomly with the volume fraction, F, of the mat.erial, x, is 

mc = m-,. (1 - F)-“‘“‘, 

where mco is t.he crit,ical mass of the undiluted system. 

Dilution exponems for various elements in U( 94) metal, both unreflected and reflected 
h y --23-cm-thick nat*ural uranium, and unreflected &phase plutonium spheres have been 
deduced at. Los Al amos from react.ivity c.oefficients.145 The “microscopic” dilution expo- 
nents in Table 35 are obtained in this manner. The “macroscopic” values in that table are 
from criGca1 assembles consisting of O-3-cm-thick plates of fissile material interleaved with 
plates of material x.2oy146 Microscopic diluteion exponent.s also exist for plutonium reflected 
by U(0.3) of greater thicknesses than shown in Table 35. The U-cm depleted uranium 
tJhickness shown in t#he Table was chosen as about. equivalent. to tlhick wat!er. 

For the efficient! moderators, H20, D20, beryllium, beryllium oxide, and graphit.e, constant 
dilution expoI1ent.s apply to smaller ranges than the apparent, dilution exponent. range for 
238U indicated in Fig. 19 ( Livern~ore,147-150 ORNL,151 Los Alan10s~~~). Critical masses 
of spheres of U(93.5) diluted bv these materials appear in Fig. 46. c 

Additional experiment.s wit.h alternat,ing disks of &phase plutonium and graphite have 
been performed at, Rocky Flats. 153~154 Although the data are applicable in instances where 
the conditions of the experiment, are matched, the gross 1let.erogeneit.y of the assemblies . 
and their restrict,ed geomet.ry preclude generalization. 
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TABLE 35. DILUTION EXPONENTS n(x) 

Diluent. 
Macroscopic 

11b) Range of F 
Microscopic 

4 X) 

Unreflect.ed 38. km-diam U( 93) Assembly” 

Al 
Fe 
Ni 
cu 

Ta 
W 
Th 
U(O.3) 

1.3i 0.48-1.00 1.51 
1.26 0.494 .oo 1.29 
1.14 0.48-1.00 1.22 
1.15 0.51-1.00 1.42 
1.35 0.49-1.00 
1.12 0.47-1.00 

1.45 
0.67 0.50-1.00 0.75 

Unreflected 15.2~cm-diam 6-Pu Assernbly”tb 

Fe( ss) 1.27 0.63-1.00 1.43 
Tl 1 1.43 0.63-1.00 1.60 

152cm 6--I% Core in 5.1-cm-tohick U( 0.3) Reflecto@ 

Al 1.32 0.48-1.00 - 
Fe( ss) 1.23 0.48-1.00 - 
Tl 1 1.38 0.48-1.00 - 

NotIe: “Microscopic” values are obtained by integrating reacteivit8y coefficients of x; 
“macroscopic” values are from diluted critical assemblies. 
“Undiluted assembly adjust.ed to same h/d as extreme diluted assemblv. 
bPlut~onium disks were in thin Ni cans, reducing Pu density to about. 9%% of normal. 
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COMPLEX SHAPES 

ANNUL1 

The possibility of large-volume solution storage in annular cylinders prompted ORNL in- 
vestligat.ions &at led to the critical data given in Figs. 47 and 48 for annuli of U(XL2)02F2 
solution with the inner cylinder lined wit.11 cadmium and filled with watter.33J55 From the 
results of t.ests with a solution having H/“35U = 50.4 in annuli of a range of dimensions, 
it. was concluded that# the critical, infinitely high, externally reflected annulus would have 
a minimum thickness of betIween 6.4- and 7.6-cm (see Fig. 47). Decreasing the solution 
concentration to H/23”U = 309 increased the minimum tlhickness of the infinitely high 
reflected annulus to bet#ween 8.9- and 1O.Zcm (see Fig. 48). Information was also obtained 
for solutions at. H/235 U between 72.4 and 74.6 with the inner cylinder containing either air . 
or water, both with and wit.houtt a cadmium liner. 

A series of Los Alamos experiments on a large annular tank was in support1 of upgraded 
fuel reprocessing at. the Idaho Chemical Processing Plant.‘56 The dimensions of the tank 
contents were 76-cm-o.d. and 57-cm-i.d. with an average height of 180 cm. Walls of 304-L 
stainless steel were O.32-cm-thick radially and 0.64-cm-thick on top and bottom. The base 
sloped 6O for drainage. 

All measurementIs were wit.h U(93.05)02(NO& solutBion at 283 g 235U/L, with 0.56 N 
HN03. The critical height. was established with tlhe unmodified tank, with 1.27-cm-thick 
304-L steel a.dded to the external surface of the tank, and with 0.95cm-thick 304-L steel 
or various t!hicknesses of polyethylene against the inner surface of the tank. Illustrative 
solution heights were 129-cm in tlhe unmodified tank, 87-cm wit*h 1.27-cm-thick extlernal 
steel, and 6%cm with TO-cm-thick internal polyethylene in addiCon to the external steel, 
increasing to 92 cm with 5.5-cm-t.hick polyeth~ie&in addition too the external steel. . 

Critical experiment.s were performed at. Valduc15’ wit,11 plutonium solutions in SO-cm-d. 
annuli with 2O-, 30-: and 35-cm-id. Resu1t.s for Pu (NO& solution with 4 N HN03 in 
20- and 30-cm-i d annuli wit,11 water reflect,ion and cadmium-lined int.erior are reproduced 
in Fig. 49. The 35-cm-i.d. annulus was not. sufficiently reactive for inclusion. As with 
the enriched uranium experiments, less react,ive config&at,ions had air or water without 
cadmium internally or were wit.hout’ water reflectors. 

Limit*ed resu1t.s for cri t.i cal U (93) metal annuli with various reflectors from Los Alamos,* 
from ORNL with no reflector, and a large number reflected wit*h graphit.e36J58 are listed 
in Table 36. 

* D. I? Wood, Los Al amos Sciemific Laboratory, Los Alamos, New Mexico (1961). 
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TABLE 36. CRITICAL MASSES OF U(93) METAL ANNUL1 

Reflector” 
Thickness Annular Core Critical Core Critical Mass 

Mat’erial ( ) cm o.d.( cm) i.d.( cm) Height( cm) (kg 
235 

U> 

Nat#ural IT 
Polyet,hylene 
Graphi tee 
VVat#er 
Water 

Water Thick 15.6 
None 0 38.1 
None 0 38.1 
None 0 33.0 
Graphite 25.4 38.1 

G raphi t.e 
Graphite 
Graphite 
Graphit.e 
Graphite 

G raphi te 
G raphi tfe 
G raphi t.e 
G raphi t.e 
G raphi t.e 

G raphi t e 12.7 38.1 
Graphite 25.4 38.1 
G raphit e 38.1 38.1 
G raphi t e 2.53 38.1 
G raphi t.e 51 ’ . 38.1 

G raphi t,e 
G raphi t.e 
G raphi t.e 
Graplde 
Graphite 

7.6 
‘i-6 
51 . 
Thick 
Thick 

38.1 
2.53 
51 . 
7.6 
12.7 

25.4 
38.1 
2.54 
51 . 
7.6 

7.6 38.1 17.8 
12.7 38.1 17.8 
Ii.8 38.1 17.8 
25.4 38.1 17.8 
38.1 38.1 1’7.8 

31.1 
31.1 
31.1 
12.7 
15.6 

38.1 33.0 
38.1 27.9 
38.1 27.9 
38.1 27.9 
38.1 27.9 

38.1 x.9 
38.1 27.9 
38.1 93 g Y-r 
38.1 22.9 
38.1 y3 9 YY. 

15.2 
15.2 
15.2 
98 
1; 7 . 

98 
22.9 

14.6 I- 0.3 29.7 * 0.5 
15.1 It 0.2 192 zk 3 

17.8 10.7 III 0.2 167 -+ 3 
17.8 14.6 zk 0.3 155 zf: 3 
33.0 11.5 57 

22.9 
22.9 
v3 9 YY. 
17.8 
17.8 

53 .Y 
56 . 
7.3 
-168b 
-91b 

87 
1; 1 
12:4 
10.3 
80 . 

55 . 
4.31 
99 . 
80 . 
68 . 

5.4 
3.83 
3.02 
7.8 
64 . 

55 
4’35 . 
3.66 
3.07 
2.42 

52 III 0.3 
57 zk 0.3 
73 * 0.3 
-150b 
-lOob 

42.9 
147 
113 
95 
73 

50 
39.5 
125 
102 
8i 

69 
48.5 
38.4 
121 
99 

c 83 
67 
57 
47.5 
37.4 
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TABLE 36. (cont.) 

Reflect.or” 
Thickness Annular Core Cri t#ical Core Critical Mass 

Material ( ) cm o.d. ( cm) i.d.( cm) Height ( cm) - k 
235 

U) 

Graphite 
Graphite 
Graphite 
Graphite 
Graphite 
Graphite 
Graphite 
Graphite 
Graphite 
Graphite 

Graphite 10.2 33.0 17.8 
Graphite 15.2 33.0 17.8 
Graphite 20.3 33.0 17.8 
Graphite 40.6 33.0 17.8 
Graphite 30.5 27.9 22.9 

Graphite 43.2 
Graphite 2.54 
Graphite 5.1 
Graphite 7.6 
Graphite 10.2 

Graphite 17.8 27.9 17.8 
Graphitle 22.9 2i.9 17.8 
Graphite 43.2 27.9 17.8 
G raphi te 3 30 31 . 22.8 17.8 
Graphi tie 45.7 22.8 17.8 

27.9 
40.6 
2.54 
51 . 
7.6 
10.2 
40.6 
2.54 
51 . 
7.6 

33.0 27.9 
33.0 27.9 
33.0 22.9 
33.0 22.9 
33.0 22.9 
33.0 22.9 
33.0 22.9 
33.0 17.8 
33.0 17.8 
33.0 17.8 

27.9 
2i 9 
27’9 
2’i’9 
27:9 

22.9 
17.8 
17.8 
17.8 
17.8 

11.2 
89 
I;6 
12:2 
10.2 
89 
4’44 . 
97 . 
79 . 
70 . 

60 . 
50 
4’35 
3’15 
1; 4 . 

94 
155 
I”0 
1;.9 .& 
90 . 

69 . 
61 
4’72 
lb0 
10’S . 

47.3 
37.7 
121 
94 
79 
69 
34.5 
102 
84 
72 

63 
53 
45.9 
33.3 
40.1 

33.3 
99 
76 
65 
57 

43.8 
38.8 
29.9 
33.7 
29.1 

a Center of annulus also filled with reflectSor mat*erial. 
bUncert,ai 11 extrapolat.ion since only 43 kg of met.al were available for the experiment. 
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INTERSECTIONS 

R.esu1t.s of ORNL observations on several U (93) solution-filled “crosses” and Y-shaped pipe 
int,erse&ons appear in Table 37.33 Later results for IJ( 5) solu t.ion-filled crosses and Ys are 
summarized in Table 38.15’ Other critical int.ersect,ing pipes contlaining U( 93) solution, 
reported from Rocky FlatIs, consistp of arms spaced along a square central column?’ Of 
a variety of configurations that include st,aggered arms and slanted arms, spaced crosses 
were chosen for representat.ion in Table 39. 

The data of Table 37 were generalized with conservative models by NewlonlG1 and by 
Schuske and M0fit.t. 162 More recent.ly, all t*he dat,a for int.ersect.ing pipes have provide2 
the means of validating Monte Carlo Calculation of intersections.163-165 The experimen- 
tal data and calculations provided Thomas with a safe empirical model that has led to 
the Standard Nuclear Criticality Safety Criteria for Steel Pipe IntersectOions Containing 
Aqueous Solutions of Fissile Mat.erials.166J67 

TABLE 37. CRITICAL PARAMETERS OF U(w-93) SOLUTIONS IN CYLINDRICAL 
30’ “Y” AND “CROSS” GEOMETRIES 

Cylinder L 
Diameter 

* (cm) Geometry 
Solution Concentration 
H/235U 0% 235u/L) 

Crit,ical 
Height a 

(Cl-4 

10.2 c /Toss 44.3 0.538 b 

12.7 Cross 44.3 0.538 14.6 
12.7 Cross 73.4 0.337 19.8 
12.7 Y i3.4 0.337 39.6 

12.i 
12.i 
19.0 
19.0 

Effectively Infinite Water Reflector Except. at. Top 

No Reflector 

Y 73.4 0.337 
Cross 73.4 0.33i 
Cross 44.3 0.538 
Cross i-2.4 0.342 

’ Height. above int.ersection of the axes. 
bExtrapolation of t0he measurements from a height at. least 36 cm above the int,ersection 

of t,he cent.erlines indicates t.hat. the solution in this geometry will not. be critical at. c 
any height . . 
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TABLE 38. CRITICAL INTERSECTING CYLINDERS OF U(5.0)02F2 SOLUTION, 
WATER-REFLECTED EXCEPT ON TOP 

Cylinder Inside Uranium 
Diameter (cm) Concentration (g/L) 

Liquid Height, (cm) 
Water Reflect or Solution 

Aluminum 30° “Y”a 

27.9 9oi 210 128.2 
27.9 907 128.8 129.1 
27.9 885 210 131.4 
27.9 885 131.6 132.2 

27.9 877 210 132.1 
27.9 877 132.4 132.2 
27.9 825 210 141.7 
27.9 825 142.8 142.8 

27.9 801 210 155.3 
27.9 801 155.5 155.9 
27.9 796 210 169.1 
27.9 796 167.7 168.0 

26.7 905 210 115.6 
26.7 905 115.9 115.9 
26.7 896 117.3 117.2 
26.7 856 210 133.9 

26.7 856 134.1 134.1 
27.3 906 210. 109.6 
27.3 906 110.6 110.6 
27.3 857 210 115.6 
27.3 857 116.1 116.1 

Plexiglas Crossb 

a The axis of the 30° member intersected the vertical axis 76 cm from its base. 
bThe axis of two side members intersectled the vertical member 91 cm from its base. 
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TABLE 39. ARRAYS OF CROSSES (FOUR 137cm-LONG ARMS) INTERSECTING 
A X8-cm-SQUARE COLUMN, U(93)02( N03)2 SOLUTION AT 
451 g 235u/L 

Inner Diameter Surface Critical Solution Meight 
of Arms Spacing of Crosses Crdical Number Above Top Arm 

( ) Cl11 ( > a11 of Arms ( > cm 

16.3 
16.3 
16.3 
16.3 
13.6 
13.6 
13.6 
13.6 
11.0 

0 
13.2 
16.8 
19.8(est.) 
0 
54 . 
76 
&(est.) 
0 

58 . 
8 
12 
infinite 
80 . 
12 
16 
infinite 
16.6 

column full 
117 
column full 
column full 
column full 
62 
80 
column full 
column full 
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PART II - INTERACTING UNITS 
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HOMOGENEOUSLY MODERATED UNITS 

Although the information presented thus far in this compilation describes the properties 
of critical single units of the fissile materials, this section concerns critical arrays of units 
which are individually subcritical under the condit*ions of the experiment. Unlike the corre- 
lations in Part I which, in many cases, are the results of generalization of data by reduct.ion 
to common geometrical shapes, Part. II reports, primarily, data obtained directly from ex- 
periment. The arrays are designated as being linear, planar, or spatial, depending upon 
whether the centers of the units establish a line, a plane, or a three-dimensional lattice. 
Within planar arrays the units were arranged with their centers at the corners of quadri- 
laterals or atI the apexes of triangles, forming square and triangular patterns, respectively; 
in spat-ial arrays the units were arranged at the corners of rectangular parallelepipeds. Pla- 
nar arrays are characterized by their boundaries as being hexagonal, square, rectangular, 
etc. In general, arrays of units in triangular patterns were hexagonal in outline; those in 
square patterns were quadrilateral in outline. Spatial arrays are cubes or parallelepipeds, 
depending upon their boundaries. Where there is the same number of units, n, in each 
dimension, the array is sometimes designated ‘%i3”. 

PLANAR AND LINEAR ARRAYS 

Cylindrical Units of U(-vSO) 

Oak Ridge provided most. information about arrays of highly enriched uranium solution 
cylinders in which a common solution height was the controlling parameter. In a very 
extensive series of experiments, there were planar or linear arrays of two to seven iden- 
tical solution cylinders in aluminum or stainless steel containers, at a variety of uranium 
concentrations, cylinder diameters and surface spacings between units.168-170 Either the 
arrays were immersed in water except at t*he tops of solution cylinders, or were in air, i.e., 
without reflection or inter-unit moderation. 

The more significant results of these experiments appear in Tables 40, 41, and 42 and 
Figs. 50, 51 and 52 for arrays in water, and in Tables 43 and 44 and Figs. 53 and 54 for 
arrays in air. 

Descriptions of certain specialized experiments have been omitted. In one case, two of 
three solution cylinders remained fixed and the third was revolved about the axis of one 
of them, the critical height. being measured as a function of the position of the third 
cylinder.33 In another case, each of t.wo interacting cylinders contained solution of a differ- 
ent concentration. 16’ Another specialized experiment, measured the critical height, versus 
spacing of two interacting solution cylinders with a half-annulus of water on the outer sur- 
face of each?’ Also omitted are effects of cadmium on three-unit and seven-unit, arrays 
in air, which were minor relative to the effects in water33 shown in Fig. 52. 
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TABLE 40. TWO EQUAL U(93.4)02F2 SOLUTION CYLINDERS IN WATER; 
H/235U = 52.9, 0.459 g 235 U/cm3 SOLUTION 

Al Cylinder i.d. 

( > cm 

Surface Critical 
Separation Height 

(cm> ( ) cm 

12.7 02 . 36.4 
12.7 29 . 51.9 
12.7 33 . 56.2 
12.7 38 . 65.2 
12.7 40 . 70.2 

12.7 42 . 76 
15.2 00 . 21.0 
15.2 29 . 24.0 
15.2 58 . 31.5 
15.2 87 . 40.7 

15.2 11.0 47.6 
15.2 13.0 52 
20.3 00 . 13.0 
20.3 08 13.6 
20.3 1’75 . 13.8 

20.3 3.55 15.1 
20.3 47 .Y 15.2 
20.3 57 . 16.1 
20.3 69 . 16.8 
20.3 86 . 17.6 

20.3 10.9 18.4 
20.3 14.4 18.8 
20.3 14.7 19.1 
20.3 20.1 18.6 
20.3 43.0 18.8 
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TABLE 40. (cont.) 

Al Cylinder i.d. 

i 1 Cl31 

Surface Critical 
Sep arat. ion Height. 

( cm) (4 

25.4 
25.4 
25.4 
25.4 
25.4 

25.4 
38.1 
38.1 
38.1 
38.1 

02 . 
30 . 
70 
lb 5 
13’0 . 

20.0 
00 . 
29 . 
58 
1; 6 . 

10.3 
11.2 
12.2 
12.7 
12.9 

13.0 
73 . 
76 
7’65 . 
77 . 

Source: Ref. 168. 
Not.e: Aluminum containers with 0.15cm walls. 
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TABLE 41. THREE- AND SEVEN-UNIT TRIANGULAR ARRAYS OF EQUAL 
SOLI!TION CYLINDERS IN WATER. U ( 93.2)02F2 
H/235LJ = 44.3, 0.538 g ‘35u/cm3 

Cylinder c 
Inside Diamet,er 

(cm) 

No. Cylinders, 
Confi&ra,t. ion 

Surface Critical 
Separat. ion Height. 

( 1 cm (cm) 

15.2 3 equilateral 0.38 17.8 
15.2 3 equilat#eral 76 

0’38 
31.2 

15.2 7 hexagonal 
15.2 7 hexagonal 2:54 

12.7 
13.7 

15.2 7 hexagonal 51 . 17.5 

15.2 7 hexagonal 76 23.4 
15.2 7 hexagonal 1; 3 31.0 
15.2 7 hexagonal 15-i 47.8 
15.2 7 hexagonal 22:9 65.8 
15.2 7 hexagonal 30.5 72.1 

15.2 7 hexagonal 38.1 73.4 
15.2 7 hexagonal 62.2 73.2 
20.3 3 equilateral 0.38 14.5 
20.3 3 equilateral 2.54 15.5 
20.3 3 equilateral 51 . 17.8 

20.3 3 equilateral 7.6 19.8 
20.3 3 equilateral 10.2 21.3 
20.3 3 equilateral 15.2 22.6 
20.3 7 hexagonal 0.38 11.9 
20.3 7 hexagonal 2.54 12.7 

20.3 7 hexagonal 51 . 15.0 
20.3 7 hexagonal 76 17.8 
20.3 7 hexagonal lb 19.8 
20.3 7 hexagonal 15‘; .Y 22.1 
20.3 7 hexagonal 22.9 22.9 

Source: Ref. 33. 
Aluminum containers wit*11 0. KS-cm walls. 
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TABLE 42. SEVEN EQUAL U(93.2)OzFz SOLIJTION CYLINDERS IN 
WATER, H/23”U = 50.1 

No.Cvlinders, . 
Configuration 

Surface Crit.ical 
Separation” Height.” 

km) (cm) 

7 hexagon al 
7 hex agon al 
7 hexagonal 
7 hexagonal 
7 inline 
7 inline 
7 inline 
7 inline 
6 inline 

06 
2:9 

55 
lb4 . 

06 
2:9 

r 53 . 

79 . 
55 . 

14.4 
15.6 
21.5 
64 
23.4 
28.3 
40.8 
91 
40.8 

Source: Ref. 171. 
Note: 12.7-cm-id. Aluminum conkiners with OX-cm walls. 
a Approximate values. 
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TABLE 43. TWO EQtJAL U(-93) SOLUTION CYLINDERS IN AIR 

Cylinder Surface Critical 
Inside Diameter Solution Concentration Separat. ion Height. 

km) g 
235 

u/ cm 3 H/“35U (cm) (cm) Ref. 

170b 
170b 
170b 
170b 
168' 

24.1" 0.087 29i 
24.1a 0.087 297 
24.P 0.087 297 
24.1a 0.087 297 
25.4a 0.0787 329 

2.54 
7.6 
15.2 
20.3 
00 . 

61.2 
80.5 
113 
137 
40.8 

0.0787 329 
0.0787 329 
0.0787 329 
0.0787 329 
0.0787 329 

19 . 
48 . 
80 
166 
31.3 . 

44.9 168' 
50.0 168' 
55 168' 
65 168' 
74 168' 

0.0787 
- 

329 43.3 
380 00 . 

380 75 .’ 

380 15 
380 30 

80 168' 
33 172' 
37.4 172' 
38.2 172' 
39.5 172' 

25.4a 
30.0d 
30.0d 
30.0d 
30.0d 

- 
- 
- 

30.0d 
30.0d 
30.0d 
38.1a 
38.V 

60 
90 
120 
07 rti 
50 . 

40.8 172' 
41.2 172' 
41.3 172 e 

20.1 168' 
20.8 168' 

380 
380 
380 
329 
329 

- 
- 
- 

0.0787 
0.0787 

97 
3; 3 
50'0 . 
00 
lb0 
2-5:o 

21.0 168’ 
21.3 168' 
21.5 168' 
16.7 168' 
17.0 168' 
17.3 168c 

38.1' 0.0787 329 
38.1' 0.078i 329 
38-P 0.078i 329 
50.8d 0.078i 329 
50.8d 0.078'7 329 
50.8d 0.078i 329 

a Aluminum containers wit,h 0. B-cm walls. 
%( 932)02F2 solution. 
‘LJ( 93.4)OzFz solution. 
d Stainless steel containers with OX-cm walls 
‘U(90)02(NO& solution. 
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TABLE 44. THREE- AND SEVEN-UNIT ARRAYS OF EQUAL U(93.2)02F2 
SOLUTION CYLINDERS IN AIR 

Cylinder Surface Critical 
Inside Diameter No. Cylinders, Solution Concentratlion Separation Height 

(cm> Configuration (g 235U/cm3) H/235U (cm) (cm) Ref. 

12.7 7 hexagonal 0.480 
12.7 7 hexagonal 0.480 
15.2 7 hexagonal 0.538 
15.2 7 hexagonal 0.538 
15.2 7 hexagonal 0.538 

15.2 7 hexagonal 0.380 
15.2 7 hexagonal 0.380 
15.2 7 hexagonal 0.380 
15.2 7 hexagonal 0.380 
15.2 7 hexagonal 0.090 

15.2 7 hexagonal 0.090 
20.3 3 equilateral 0.090 
20.3 3 equilateral 0.090 
20.3 7 hexagonal 0.090 
20.3 7 hexagonal 0.090 

20.3 7 hexagonal 0.090 
20.3 7 hexagonal 0.090 
20.3 3 equilateral 0.538 
20.3 3 equilateral 0.538 
20.3 3 equilateral 0.538 

20.3 3 equilateral 0.538 
20.3 3 equilateral 0.538 
20.3 7 hexagonal 0.538 
20.3 7 hexagonal 0.538 
20.3 7 hexagonal 0.538 

20.3 7 hexagonal 0.54 
20.3 7 hexagonal 0.54 
20.3 7 hexagon al 0.54 
24.1 3 equilateral 0.087 
24.1 3 equilateral 0.087 

50.1 
50.1 
44.3 
44.3 
44.3 

59 
59 
59 
59 
309 

309 
309 
309 
309 
309 

309 
309 
44.3 
44.3 
44.3 

44.3 
44.3 
44.3 
44.3 
44.3 

44.3 
44.3 
44.3 
297 
397 

06 a . 
29 a 

0'38 
2'54 . 
51 . 

0.38 
2.54 
51 . 
64 
0'76 . 

2.54 
0.38 
2.54 
2.54 
76 . 

15.2 
17.8 
0.38 
2.54 
51 . 

76 
lb 
0.38 
2.54 
51 . 

76 . 
10.2 
15.2 
2.54 
10.2 

28.ga 171 
66 a 171 
22.6a 33 
33.0 33 
52 33 

24.8 16gb 
39.1 16gb 
70 16gb 
99 16gb 
31.0 170 

57 
41.4 
79 
28.7 
45.2 

90 
119 
27.2 
35.1 
45.2 

56 
69 
18.3 
21.6 
25.i 

293 
33.5 
41.9 
34.0 
57 * Y 

170 
170 
170 
170 
170 

170 
170 
33 
33 
33 

33 
33 
33 
33 
33 

33 
33 
33 
170 
170 
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TABLE 44. (cants.) 

Cylinder Surface Critical 
hide Diamet#er No. Cylinders, I Solut,ion ConcentOr&on Separation Height. 

(cm) Configura,tion (g 23s Ti /cm3 ) H /335 17 (cm) (cm) Ref. 

24.1 3 equilatDeral 0.08i 297 20.3 71 170 
24.1 3 equilat.eral 0.08i 297 30.5 99 170 
24.1 3 equilat.eral 0.087 297 45.7 1;s 170 
24.1 3 equilateral 0.087 297 56 153 170 
24.1 7 hexagonal 0.087 29i 7.6 30.7 170 
24.1 7 hexagonal 0.087 297 25.4 51 170 
24.1 7 hexagonal 8.087 297 56 84 170 

Note: Aluminum cont)ainers with O.15-cm walls. 
a Approximate values. 
VJ( 92.6)02(NO& solution. 
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A report from the USSR 172 describes critical volumes of two identical solution cylinders 
at various separations. Results are similar to those reported from Oak Ridge. 

Further experiments at’ Oak Ridge dealt with larger arrays of solution in polyethylene con- 
tainers or in aluminum containers tlhat. were not quite identical? Generally, the number 
of cylinders at a fixed solution height, and spacing were the comrolling parameters. The 
solution was U(92.6)02(NO& atI H/235U = 59, 0.384 g 235U/cn13, in polyethylene bot.tles 
about 122-cm high. One hundred of type A were KKi-cm-o.d. with 1.14cm-thick wall at 
the base and 0.51~cm-thick wall at the top and nominal capacit.y of about. 13 L. Sixty-four 
of type B were 14.3-cm-o.d. with a uniform 0.64-cm-t,hick wall-and a nominal capacity of 
about 15 L. Of 19 aluminum cylinders, seven were 15.2-cm-i.d. with O.15-cm-thick wall 
and 183-cm high and the remainder were 15%cm-o.d. with 0.1%cmthick wall and 152-cm 
high. Unreflected, unmoderated critical arrays of solut,ion in type A polyethylene bottles 
are described in Table 45. The final three entries apply to double-tier planar arrays, more 
properly spatial arrays, illustrated in Fig. 55. 

Table 46 shows the effect. of Plexiglas between units and as a reflector for a 16-unit square 
array of type A bottles each containing 12.8 liters of solution. Clusters of three to five of 
these bottles in contact, some clusters subcritical, were also reported. Further, betlween 
18 and 19 of the units in line and in contactp against. a 15.2cm-thick Plexiglas wall were 
shown to be critical at a solution height of 112 cm. 

Effects of perturbations on 6 x 6 arrays of 112-cm-high solution in type A containers were 
measured in terms of changes of solution height in five central units.* AtI 13.5cm surface 
spacing a unit in a t#est* position was somewhat1 more effective than the same volume of 
u( 37.1)02F2 sohdion at 0.52 g U/cm3 of solution and much more effective than the same 
volume of H20 or D20, 28 kg of U(93)Fq, 13 kg of U(93)02, 30 kg of U(93) metal scrap or 
pellets, or various arrangements of U( 93.4) metal blocks totalling 24.5 kg. Only t.he same 
height. of solution in a type B container was more reactive. Another series of measurements 
at. 14.3cm spacing in a t.ank showed a pronounced reactivity increase with a bottom water 
reflector, subcriticality with complet!e water immersion, and a modest effect of spray water 
at, 66.8 liters per minute, the latter effect was more than compensated by the removal of 
one surface unit. from the array. 

* J. K. Fox and L. W. Gilley, Oak Ridge National Laborat.ory, 1961. 
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TABLE 45. C:RITICAL ARRAYS OF U(92.6)02(N0& SOLUTION AT 
fl I235 11 = 59 IN TYPE A BOTTLES 

N umber of 
Units 

ill Array 

Configuratlion of 
Units 

Array Pat,tern c 

Surface 
Separation 

(cm) 

9 3x3 Square 
16 4x4 Square 
25 5x5 Square 
36 6x6 Square 
64 8x8 Square 
100 10 x 10 Square 

9 3x3 Square 4.04 
16 4x4 Square 7.3 
23 5x5 Square 10 . 

9 3x3 Square 
16 4x4 Square 
25 5x5 Square 
36 6x6 Square 
81 9x9 Square 

7 
19 

32 4x4 Square 
50 5 x 5 Square 
98 iXi Square 

5.90 litlers per Unit; Single Tier 

9.30 lit’ers per Unit.; Single Tier 

2.76 liters per Unit; Single Tier 

Tri an gul ar 
Triangular 

1“ 76 lit.ers per Unit.; Double Tier” &. 

3.00 
55 . 
76 . 
91 
1; 3 
12’8 . 

4.45 
84 
1; 6 
14’3 
19’8 . 

3.89 
11.6 

94 
li 6 
21” .Y 

‘Vert.ical spacing bet,ween solution in t.wo t-iers was 14.2 cm. 
----. 
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Fig. 55. Double-tier array of U(92.6)02 (NO& solution at H/235 U = 59 

in Type A polyethylene bottles. 
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TABLE 46. COMPARISON OF PLEXIGLAS-MODERATED AND UNMODERATED 
ARRAYS OF U(92.6)02(N03)2 SOLUTION IN SIXTEEN 
12.76-LITER UNITS IN 4 x 4 ARRAY 

Plexiglas Moderatoor 
Thickness and 
Configuration 

Plexiglas 
Reflector 

Unit Surface Number of Units in 
Separation Unreflected, Unmoderated Ratio: 

( > CIll Array, N N/16 

1.27 cm closely 
surrounding 
each unit, 

None 94 . 19.2 1.20 

1.27 cm centered 
between units 

0.64 cm 12.5 28.5 1.78 

2.54 cm centered 
between units 

1.27 cm 13.7 33 2.06 

3.81 cm centered 
between units 

1.90 cm 13.4 31.8 1.99 

3.8 1 cm centered 
between units 

None (12.2)” 27.3 1.71 

a Interpolated value. 
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Some unreflected, unmoderated critical arrays of the same solution in type B polyethylene 
bottles are given in Table 47. Although type A bottles were much more common for 
solution storage or transfer, the type B containers with uniform walls were preferable for 
arrays intended to check calculations. 

Reported with t.he seven-unit. arrays of U( 92.6)02(NO& solution in X.2-cm-i.d. alu- 
minum containers listed in Table 44, there were various combinations of these units and 
others consisting of the same solution in the X.2-cm-o.d. aluminum containers. In the 
largest array, 12 of the latter units surrounded the 7 original ones to form a 1%unit tri- 
angular array. In air, critical surface separations for various common solution heights are 
listed in Table 48. Combinations of the same solutlion units in aluminum cylinders were 
used to illustrate effects of concrete and water slabs as reflectors and within arrays, as 
shown in Fig. 56. 

TABLE 47. CRITICAL ARRAYS OF U(92.6)02(N03)2 SOLUTION AT 
H/235U = 59 IN TYPE B BOTTLES, 7.41 LITERS PER UNIT 

Number of Units 
in Array Configuration 

Surface 
Separation (cm) 

9 3x3 3.63 
16 4x4 66 
36 6x6 lb8 
64 8x8 13’5 . 
27 3x9 72 . 
24 3x8 71 . 
16 a 4x4 59 . 

“Plastic liner OSl-cm thick inside bottle, resulting in a contained volume of 6.33 lit#ers per 
unit. 

TABLE 48. NINETEEN UNIT CRITICAL ARRAYS OF U(92.6)02(N03)2 
SOLUTION CYLINDERS AT H/23517 = 59 

Common Solution Critical Surface 
Height1 (cm) Separation (cm) 

51 89 . 

76 12.6 

102 15.1 

127 16.9 

139 



0 
Y * 0 
- II VI 0 0 d 

b 
Q

c 0 
oTo 
0 

0 

0 
C

D
 

d 0 
II zn 0 0 

4 PO
 

0000 
~0000 
~0000 

0 
0 

0 
@

Z 
0 0 00 
00 
00 
00 

0 
0 

0 
0 

Kj 0 
0 

0 
0 

Li 0 
0 

0 
0 

0 
0 

0 
0 

00 
go0 
& so0 00 

140 



In addition to experiment’s with individual cylinders in 1%cm cubic cavit,ies within 26- 
cm-t,hick concretOe or 21-cn~hick Plexiglas (see Table 34): Rocky Flats reported arrays 
of U(93.2)02(NO,) 2 solution cylinders within t0he same enclosures. . 143 Critical 1leight.s of 
solut.ion were measured in 4 x 4 arrays of full-height aluminum containers and of the 
comainers in O.Z%cm-thick stainless steel sleeves. The cylinders were spaced uniformly 
wit*hin the surrounding reflect.or, apparently such t$hat. t.he closest, axis-to-reflector distance 
is one-half t.he 30.5-cn1 axis-to-axis spacing of nearest unit.s. Observed solu t,ion heights for 
such arrays of cylinders of two diameters are given in Table 49. Also reported were critical 
solution heights for 2 x 4, 2 x 3 and 2 x 2 arrays on t’he same lattice spacing. 

TABLE 49. CRITICAL HEIGHTS OF SOLUTION IN FOUR-BY-FOUR ARRAYS OF 
CYLINDERS REFLECTED BY CONCRETE OR. PLEXIGLAS 

Solution 
Diameter (cm) 

122-cm-Cubic Cavit*y 
in 26-cm-thick Concrete in Z-cm-thick Plexiglas 

Concent.ration Critical Concentration Critical 

k 235u/L) Height (cm)’ k 235w) Height (~111)~ 

Without sleeve: 

21.1 
21.1 

63 27.2 56 
339 17.1 332 

31.8 
18.8 

Witlh S.S. sleeve: 

21.1 
21.1 

63 . 28.6 56 34.8 
345 17.2zkO.l 332 19.3 

VVi tOhout sleeve: 

16.1 
16.1 

78 51 . 56 78 
335 31 . 8 332 35.6 

With S.S. sleeve: 

16.1 
16.1 

i8 57 . 56 106 
336 32.3 332 38.1 

a Standard deviation less t*han last cpot.ed place. 

%bcritOical experiment.s in the USSR were conducted on unreflect8ed arrays of 6-L units of 
;.J(W)O~(NO& solution at. 113 g IJ/L.17” Each unit consist.ed of solut,ionto a depth of 24- 
cm in a glass vessel of about 18-cm diamet!er with a wall thickness of 0.Scm. An essentjially . 
crit$ical array consist*ed of 39 unit,s in three layers of 1 2, 15, and 12 units spaced 4 .&cm 
bet ween solution surfaces wit#hin a layer and l-2-cm bet.ween solut,ion surfaces in adjacent 
layers. Two- and four-layer arrays are also described wit411 ext*rapolat.ions t.o criticality. 
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Slab Units of U(h-90) 

At. Oak Ridge slabs of U(%.2)02F2 solution were arranged with their bases in the same 
plane and their surfaces of maximum area eit#her parallel or perpendicular in order to 
study interactpion between large areas of fissile material. IT1 The aluminum vessels contain- 
ing the solution were 120.6-cm wide and eit.her 7.6- or E&cm-thick; the solution height 
was adjusted for criticality under the various experimental conditions. Data from several 
combinations and arrangement-s of these slabs are shown in Figs. 57 t.o 60; the environment 
varied from no moderator or reflector to completle submersion of the array to the height. of 
the solution in the containers. Figure 61 shows the data resulting from‘the arrangement 
of these solution slabs in “T” and “L” geometries. 

In experiments exploring the effect, of hydrogenous material separating units of fissile 
material,174 a pair of unreflected, parallel slabs of U(93.2)02F2 solutlion, about E-cm- 
thick, were separated 30.5cm. Plexiglas of increasing tlhickness was first centered between 
the slabs and then placed on the inside facing surfaces. Figure 62 shows the common 
solution height of the tlwo slabs as a function of t,he tlotal thickness of moderator between 
the slabs. The two curves must meet, of course, when t*he space between the slabs is 
completely filled wittill the moderator. 

142 



I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
1 

1 I t t I I I I 
- 

I I I I I I I I I I 
- 

I I I I I I I I I 
_ 

I I I I I I I I I I 
- 

I I I I I I I I I I 
- 

I t I 

m
 6 

- 
t: d 

_ 
El 

0 z 

. 
z 

I t I 
- 

I I I b I I I I I I I I I I I I I I I 
- 

I I I I I I I I I I 
- 

t t I I t 
- 

I I I I I 
- 

t I I I I I t 1 I 1 
I 

1 
I 

I 
I 

I 
I 

I 
I 

I 

143 



0 
I 

co 
l”“““““““““I”‘I”‘~~ 

I I I I t I I I I I I I I I I I I I I I I I I I I I I I I t I I I I t t t t I I I I I I I I I I I I 

cb 

4 ti 4 w E: 

z E t I I t I I I t t I I I I I I I I I I I I I I I I I I I I 1 I I I I I I I I I I I I I I I I I I I I I I 

0 
0 

0 
0 

v’ 
cv 

0 
0 

0 
a0 

0 
0 

C
D

 
e 

&) 
LH313H W

XL1~3 N
O

W
lO

 
cv 

144 



I 
I 

I 
I 

I 
I 

I 
I 

’ 
I 

I 
’ 

I 
I 

1 
I 

I 
I 

I 
I 

I 

I 
I 

1 
I 

I 
I 

1 
I 

1 
I 

I 
1 

I 
I 

I 
I 

I 
I 

I 
I 

I 

0 w 
0 -0 

-CD 

-co 

-P 

-W
 

-0 

-TP 

-c3 

-cl? 

-4 

-0 

145 



I 
1 

I 
I 

1 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I I I I 

e 

I I 
G

 
I I I 

II 

I I I 
3 

I 
UD 

F 
- 

I I 
z 

s=dc-(W
P

= 
I I 

\ 

m
 

E 

5: 

l 
m

 

c3 

- 
II 

m
 

3 

z 
- 

w \ 
4 

c 
z 

1 
S

4E
-(W

E
 

c 

2 

_ 
ti 4 

- 
w d z z n 

- 
w G

 

- 
5 h 

“E 
*i 

c 
E 

-e-2 

I 
a 

I 
z 

* 
I 

0 
I I 

2 
d 

I I I 
ti 

I 
x 

o-2 
I I 

@
J 

m
 

I I 
II 

II 

I I I I 
g 3 

” 

I I I I 

N& 
w& 

I I I I I I 
0 

4 
I I I I I 

c 
I I I 

I 
I 

I 
1 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

1 
9 

c-v 
m

 
C

T 
0.2 
cv 

0 
00 

co 
c-3 

cv 
TP 

cv 
@

J 

(u3> LH
313H

 WX
LIW

 N
O

JW
03 

- c 

i- 

0 cv 

146 



I 
, 

I 
I 

I 
I 

I 
i 

I 
I 

I 
I 

I 
I 

I 
1 

I 
1 

; I I I 
0 

I I I I I I I I 
_ 

I I I 
\ 

I I 

u 
B

 
I 

I 
I 

I 

-e; 
m

 
, k- 

I 
I 

I 
. 

0 0 
0 

0 
co 

co 

(u3) LLH
313H

 
W

X
LIE

l3 N
O

P
W

'l03 

0 a 0 F 0 C
D

 

0 
z 

Lc3 
&

 w
 

z 0 F= 
4 

0 
P

= 
* 

2 W
 

m
 

W
 

u 
0 

fz 

* 
5 co 

0 cl? 

0 0 

C
T 

%
 II 

t3 
2 c”\ 
%

 0-Y
 

L 
‘N

 
u c 

‘H
 

2 s! q $ 
2 E

: 
cv 

4 cv 
0 2 F; 
e,;2 
2 

w
 

td 
c 

L -2 
2 

$2 
2 

8 
3 

E
 

P
 

3 c 
.4 c 

K
S

 
\- 0 

u 
2%

 
22 
\A

 0 
F= 
0 

24 
5 

- 
‘N

 d 
2 

l 
- 

c 

2 
.s 

z 
3 

‘$ 
x 

%
 

63 

F3 
E 

E< 

oh 

w 
Pa 

G
cn 

“a 

.F 
Q

 

46 147 



I 
I 

I 
I 

I 
I 

I 
I I 

I 
I 

I 
I 

t 
I 

a 
TP 

cv 
0 

CT 
m

 
CT 

m
 

@
3)LH313H W

XLIW
 

NO
YW

03 

t3 
0 M

 
c-t 
2 -h 
Y u 

7s 2 
rq 
4 3 
-f3 

3 i? 
u Q

 
%

 

2 s Y $2 
0 

-e&4 
-G

 
3 

2 , cv 
. 

k 
2 

m
 

u 
Q

 
c 

s 
‘5 

G
j; 

- 
0 

Y 
u 

“E 
T 

3 
= 

.s 
E 

E 
Q

 
3 

Q
- 

u 
0 s%

 
;s 

I 
2 

E 
CnY 

;w (L,Q
 

36 u cc;- 
.N 
h 

E 
‘h) ik 

u 
“> 
c:u 
$2 
cm

 
E 

m
 

-0 
00 

boo 

=i 
6 

- 
Q

T 
Q

l 
&Q

4 
g 

II 

148 



Combinations of Slab and Cylindrical Units of U(--90) 

Data from Oak Ridge* describing critical configurations of a s1a.b and a cvlinder of 
U( 93.2)OzF-, solutions, unreflected and unmoderated, are given in Table 50. The 235 U 
concentrat.i& of the cylinders remained constant. throughout. the experiments, while that. 
of the slab was varied: Results of interaction between a slab and a cylinder of solut.ion of 
the same concentrat.jon,17’ unreflected and partiallv reflected, are shown in Fig. 63. . 

TABLE 50. CRITICAL INTERACTING SLAB AND CYLINDER OF U(93.2)02F2 
SOLUTION” 

Cylinder b Slab’ 
Corn ainer 
Surface Critical Critical 
Separat.ion Concentration Height. Concentration Height 

( > cm g 
235 

U/L H/235U (cm) g 235U/L H/235U (cm) 

50 

30’5 i2 . 

79 325 53.3 79 325 28.3 

79 79 325 325 67.6 85.1 79 79 325 325 34.3 39.1 
50 

30’5 li2 . 

79 325 49.5 101 254 28.7 

79 79 325 325 67.6 83.8 101 101 254 254 33.5 39.4 

“,The lower surfaces of tphe solution slab and cylinder were coplanar, and the projection of 
t.he cylinder was centered horizontally 011 the face of the slab. 

bSolutiol 1 was contained in a 25.4-cm-&am aluminum cylinder with 0.16-cm-thick walls. 
‘Solut8ion was contained in a 15.1-cm-thick aluminum slab with O.32-cm-thick walls. 

* J. I(. Fox and L. W. Gilley, Oak Ridge National Laboratory, 1961. 
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Rocky Flats reported critical arrays of U(932)Oz(NO ) 3 2 solution cylinders standing on a 
horizontal slab of the same solution.17’ This simulates plant conditions where some solution 
may have drained from vertical cylinders into a shallow horizontal sump. The stainless 
st#eel slab tank was 120.7-cm square by 20.3-cm high, with a 0.64-cm-thick base. Stainless 
steel cylinders of H.O-cm-i.d. had wall and base thicknesses of 0.198-cm; those from 13.6-to 
21.3-cm-i.d. had thicknesses of 0.280-cm and larger cylinders were O.308-cm-thick. Square 
arrays of cylinders were arranged such that the minimum axis-to-slab-edge spacing was 
one-half the axis-to-axis spacing of nearest neighbors. 

The following refer to minimally reflected systems unless stated otherwise. Without cylin- 
ders, the critical slab thickness was 12.7-cm at 465 g U/L and 13.0-cm at 510 g U/L. With 
the slab empty, the critical solution height. in sixteen 16.3-cm-i.d. cylinders was 78.cm at 
495 g U/L; for nine 21.3cm-i.d. cylinders, it was 47-cm atI 500 gU/L; and for a single 
23.9cm-i.d. cylinder it was 112-cm at 525 g U/L. With solution in both slab and cylin- 
ders, critical systems with maximum critical cylinder solution heights (above the top of 
slab solution) are described in Table 51. 

With the system flooded and no solution in the slab tank, the critical solution height. in 
an array of sixteen 13.6-cm-i.d. cylinders with 30.2-cm pitch was 92-cm at 505 g U/L. 
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TABLE 51. CRITICAL IJ(93.2)02(N03)2 SOLUTION CYLINDER-ON-SLAB 
ARRAYS, CONFIGURATIONS WITH MINIMUM REFLECTOR 

Cylinder . 
Inside Diameter 

( ) cm 

Number of Slab 
Cylinder Thickness 
in Array ( > cm 

Solution 
Height. 

( > cm a 

Cornnion 
Concentration 

k U/L) 

11.0 1 12.6 87 465 
11.0 4 12.3 88 465 
11.0 9 12.1 88 465 
11.0 16 11.4 88 465 
13.6 16 10.0 108 520 

16.3 1 12.2 88 470 
16.3 4 12.0 88 480 
16.3 9 10.5 90 485 
21.3 1 11.1 88 500 
21.3 4 88 . 91 500 

22.4 1 10.8 108 505 
22.9 1 10.1 110 505 
23.4 1 89 . 111 525 

aData are available for critlical combinations with smaller solution heights in arrays. 
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Units of U(<90) 

The crit,ical dimensions of an unreflected array of t.wo slabs dissimilar both in 235U en- 
richment and in chemical composition were determined at. ORNL as a function of their 
separation.* One of the slabs was a solution of U(932)02F2 having a. 23sU concemration 
of about1 480 g/L, corresponding to an H / 235U of 50 1 . The slab was vertical, 120.6-cm 
wide, 7.6~cm-thick, and of variable solution height. The second slab, parallel to the first, 
was constVructled of blocks of an homogenized mixture of CF2 and U(3i)F4. The uranium 
densitPy was 3.1 g/cm3, and absorbed moistlure accounted for an H/“35U of 0.1. In some 
experiments Plexiglas was placed between adjacent layers of blocks and between adjacent 
rows in one direction, producing an H/235 U of 16. The critical height, of the solution slab as 
a funct*ion of the surface separation of the two components is shown in Fig. 64 for various 
slabs of U( 37)CFG blocks. 

Dounreay * * is tlhe source of data on a pair of slabs of a solution of U( 3O.&)&Fz. Each 
slab was 6.09-cm-thick and X20-cm-wide. They were filled to the common height necessary 
for criticality when the space between the two was occupied by various materials. Figure 
65 shows the data for a solution at a uranium concentration of 599 g/L (235U concentration 
of 182 g/L) corresponding to an H/ 235U of 130 and Fig. 66 gives more limitled results for 
a uranium solution concentration of 375 g/L corresponding to an H/235U of 214. 

Neutron interaction between two identical parallelepipeds of homogeneous U(30.PI)02- 
paraffin (CH2) reflected by 20.3-cm-thick polyethvlene on all sides except, the facing ones . 
was investigated at Aldermaston.43 The mixture had a 235U density of 0.331 g/cm3 and an 
H/235U of 81.8. Tl le parallelepipeds were 20.3- bv 20.3-cm in cross section and of variable 
but. common height. The critical separation was det4errnined as a funct.ion of the separation 
of the two componems and of the material between them. The experimentlal arrangement1 
and dat#a are shown in Fig. 67. I to can be seen that. wi tl h a separation of 1 O-cm, tV he mass 
in each component is 80% of the critical mass of a complet.ely reflectSed single unit,. . 

Measuremems were also made at. Dounreay*** on t.wo identical rect*angular parallelepipeds 
of U( 1.42)Fg-paraffin, containing 2.5 g of U/cm3, with an H/“35U of 420. The paral- 
lelepipeds were reflect.ed by 20.3cm-thick polyet~h~lene on all sides except. t.he facing ones. . . 
The crit.ical separation was n~eamred as a function of t.he t#ot.al uranium in both compo- 
nent s mjdcr t,wo different conditions: wit*11 the facing areas const,ant and the lengths of 
the t*wo components of t.he arrav varied, and wit.11 the base areas constant, and tlhe heights 
varied cquallv. . The crit,ical se1;“‘a.t ion md dimensions are given in Table 52. Figure 68 
shows the influence of separation on t’he crit.ical mass urlder t-he two condit.ions. 

* J. K. Fox and L. I4’. Gilley, Oak Ridge Nat,ional Laboratory, 1964. 
** John G Walford and J . C. Smith, Dounreav Experiment al Reactor FJst,a)>lisllnlent,, Doun- 

reay, United Kingdom Atomic Energy Authorit*y, 1963. c 
*** 3. G. Walford and J . M. Scott., IJnited Kingdom At omit Energy Aut,horit.y, Dounreay 

Experimental Research Est~ablishment , Dounreay, 1963. 
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TABLE 52. CRITICAL DIMENSIONS OF TWO PARALLELEPIPEDS OF 
HOMOGENEOUS U ( 1.42)Fq-PARA FFIN REFLECTED BY 20.3 cm OF 
POLYETHYLENE EXCEPT ON FACING AREAS 

Dimensions of Each Parallelepiped 
Tot. al 

Separat.ion Width Height Length Volun3.e Tot.al Mass (kg) 
( ) CIll (cm) (cm) (cm) W) Uranium 235~ 

0.000 92.1 92.3 45.3 771 1920 27.3 
0.533 92.1 92.3 46.2 7735 1950 27.7 
0.998 92.1 92.3 46.2O 808 2010 28.5 

48 . -a 4 

1.443 92.1 92.3 
2.121 92.1 92.3 
2.7x 92.1 92.3 
3.899 92.1 92.3 

48 7 
51’3 
53’9 
53’9 a 

61.5 . cl 

830 2070 29.4 
873 2170 30.8 
917 2280 32.4 
982 2450 34.8 

4.943 92.1 92.3 61.5 1048 2610 3x1 
6.541 92.1 92.3 66.7 1134 2820 40.1 
8.438 92.1 92.3 il.8 1222 3040 43.2 
10.363 92.1 92.3 75.7 1288 3210 45.6 

0.000 46.1 90.6 92.3 771 1920 2i.3 
0.254 46.1 91.3 92.3 m-c I i f 1930 2x4 
0.508 46.1 92.5 92.3 7s 1960 27.8 
0.742 46.1 93.8 92.3 798 1990 28.3 

0.935 46.1 95.1 92.3 809 2010 28.5 
1.511 46.1 98.9 92.3 842 2100 29.8 
Zi31 46.1 109.2 99 3 929 2310 32.8 
3.576 46.1 116.9 9G.3 L. 995 2480 35.2 

a In these cases the lengt hs of the two parallelepipeds were unequal. 
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Also shown in Fig. 68 are similar results obtained with a U( 1.42)F4-paraffin mixture con- 
taining 2.22 g U/cm3 with an H/235 U of 570. This moderation is approximately that 
yielding minimum critical mass. 8. These parallelepipeds were constructed with a constant 
facing area and with a 20.3-cm-thick polyethylene reflectnor on all surfaces except the facing 
areas. 

Data on the neutron intleract.ion of two homogeneously moderated units, one a slab of 
U(30.45)0& solut*ion 6.1-cm thick and the other a parallelepiped of U( 1.42)Fq-paraffin, 
separated by various materials, originated at Dounreay. * Figure 69 shows the experimental 
arrangement. and Table 53 gives the results. 

* J. G. Walford and 3. C. Smith, United Kingdom Atomic Energy Aut#hority, Dounreay 
Experimental R.esearch Establishment, Dounreay, 1963. 
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TABLE 53. CRITICAL DIMENSIONS OF PARALLELEPIPEDS OF U(1.42)F4- 
PARAFFIN AND U(30.45)OzF2 SOLUTION 

Material Critlical Critical Mass (kg 235U) Volume, (L) 
Separating Height0 Separation U( 1.42)&- U(1.42)&- 
Components ( > cm (4 Paraffin U(30.&)02F2 Paraffin U(30.45)0& 

A’r 1 63.i 0.25 145 10.68 478 46.2 
64.5 0.58 148 10.90 488 47.1 
6i.l 1.12 154 11.32 509 49.0 
772.2 2.24 165.5 12.20 546 52.8 

77.4 3.34 1 i7.8 13.08 586 56.5 
87.7 5.55 201.5 14.81 664 64.1 
98.0 7.85 225.0 16.55 742 71.6 
108.4 10.32 248.5 18.35 820 79.2 

Polyethylene c c 61.6 0.64 141.2 10.40 466 95.0 
76.4 2.70 175.5 12.90 578 55.8 
108.4 4.44 248.5 18.35 820 79.2 

Jabroca 74.1 4.05 170.0 12.55 561 54.2 
81.1 4.92 186.5 13.74 614 59.9 
105.8 6.73 242.5 17.89 800 77.2 

Concrete 70.8 2.70 162 11.91 535 51.6 
92.i 8.56 214 15.70 705 67.8 
106 11.43 244 17.90 805 77.4 

Mild steel i4.2 0.69 170.5 12.55 562 54.2 
91.0 1.98 209 15.40 689 66.5 

Stainless steel 75 0.58 172 12.70 567 54.8 

‘Jabroc is a wood product’ containing about, 45% carbon, 6% hydrogen, and 37% oxygen; 

P = 1.315 g/cm3. 
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Critical planar arrays of tall cylinders containing U(5.0)OzFz solution were studied at 
Oak Ridge.176J77 The aluminum containers were 24.1.cm-i.d. with OX-cm lateral wall 
thickness, 0.64-cm-thick bottom, and 152-cm height. The solution concentration was 901 
gU/L at H/235U = 497. Units were of three different solution heights: 61-cm at a volume of 
27.8 L, 122-cm at 56 L, and 142.cm at 65 L. All arrays were unreflected. Critical condit,ions c 
are given in Table 54. 

TABLE 54. PLANAR ARRAYS OF U(5.0)0& SOLUTION CYLINDERS AT 
H/235U = 497 

Unit Volume Number Array Critical Surface 

CL) of Units Pat tern Separation (cm) 

27.8 7 triangular 
27.8 9 square 
27.8 16 square 
27.8 25 square 

1.89 
1.32 
3.62 
52 . 

56 5 triangular 1.37 
56 7 triangular 4.44 
56 19 triangular 13.2 
56 9 square 4.85 

56 
56 
65 
65 

16 
25 
5 
7 

square 
square 
triangular 
triangular 

92 
124 
1.47 
51 . 

65 19 triangular 
65 9 square 
65 16 square 
65 25 square 

14.8 
56 
li4 
14’1 . 
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Plutonium Solutions 

An experiment. to determine the safety of spaced cylinders of plutonium solution was 
performed at. Rocky Flats.1’8 The Pu( NO& 
concentration of 40b g Pu/L 

solution, containing 5 N excess HN03, atI a 
, was held in stainless steel pipes Ml-cm-o.d. and 12.8-cm-i.d. 

Five 19-L vertical cylinders were arranged in a linear array with a 6l-cm center spacing and 
located about, 5-cmb above a thick concrete slab. Benelex (pressed wood chips impregnated 
witoh a hydrocarbon plastic), with a density of 1.44 g/cm3 and 10.2-cm-thick, was located 
15.3-cm ‘from the sides of tlhe array and GO-cm from the tlop of tlhe solution. The array . 
was apparently quite subcrit#ical. . 

The neutron interaction between two identical annuli of plutonium nitrate solution in 
stainless steel containers was st!udied at t’he Station de Criticalitkls7 in France. The internal 
and external diameters of the containers were 3O.O- and 50.0-cm, respectively. Common 
critical height versus solution separation was reported for concentrations of 41, 56 and 74 
g Pu/L without reflector and with water reflector in various locations. 

Another reportV of the French Commissariat. a 1’Energie Atomique gives experimental crit- 
ical data on interacting unreflected cylinders containing plutonium solutions, and a few 
enriched uranium solutions for conlparison.17g The Pu(N0 3 4 solution contained about 2 ) 
N HN03 and the plutonium consisted of 95.5% 23gPu 4.2% 240Pu and 0.3% 241Pu. Pluto- 7 
nium solutions were contained in as many as four 3O-cm-o.d. stainless steel cylinders with 
O.3-cm-thick walls and in as many as n&e 25.6-cm-o.d. cylinders, also wit0hs0.3-cm-thick 
walls. The U(89.9)02(NO ) 3 2 soluGon was contained in a pair of 3O-cm-o.d. stainless steel 
cylinders w&h O.3-cm-thick walls. 

Figures 70-72 give critical heights of solution in various configurations of 3O-cm-o.d. cylin- 
ders as functions of surface separation of cylinders. Figure 72 compares relations for two 
cylinders containing plutonium or uranium solution atI roughly equivalent concentrations. 
Curves for tlwo, t)hree, and four interacting cylinders of plutonium solution are given for two 
different, concent,rations in Figs. 70 and 71. For as many as nine interacting 25.6-cm-o.d. 
cylinders of plutonium solution, critical heights at. varioils spacings are listed in Table 55. . 

Also reported were results for pairs of dissimilar units and critical heights as funct,ions of 
concent,ra.tion for isolated 30-cm-o.d. cylinders containing either plutonium or uranium 
solutions. 

164 



I I I I I 
-1 

I I b 
- 

I k 0 I 
- 

1 I I I I I I 
- 

I I I I 
_ 

I I I I I I I I I 
- 

I I I I I I I I 
- 

I 1 I I 
-1 

I 
. 

I I 
9 

I I I 

%
 

7, 

=3 

-z 

2 z 

-iij 

8 I 
-1 

I I I I I I 
-I 

I t I 
_ 

I I I I I I I 1 1 
- 

I I I I 

I 

I 
I 

I 
1 

w
 

w
 

g 
d 

4 
z 4 2 

g IJ 
4 

m
E

 
- 

3 
2 

w
 

cl 
P

= 
2 

v, 
Q

$s w 
a 

=j 
5 

E
 

m
 

25 
z 

W
I 

pz iii 
V

I 
C

R
 w

 
w

 
P

=- 
cG

 Q
 

cI 
E

i 
3 

25 s 
z 

z 
2 

5! 
z 

2 
0 

u 
h u 

u 
8 

E
 

a= 
gE

E
$ 

b 
b 

b 
L 

-0 
D

 
4 

C
l- 

\ D
- 

C
T 

a 
P

 
ul 

e 
z 

c9 
m

 
c3 

F-3 
C

T 
z 

03 
F 

Ln 
cl? 

N
 

r3 
cv 

cl2 

(w
a)iLH

313H
 WX

Ll~3 N
O

JW
03 

z &
 z 0 5 II= 

4 L w
 

C
R

 
W

 

2 li ix 
5 u2 

m
 

w
 

w
 

d %
 

;2 
5 =F 

$ 
P

 0%
 

q 3 ?‘ 
4%

 
0” 2 
5 

I E
 

3 t, 
kc;l, 
36 
-< 
8” *N

 
%

 3 
iit 
E

t z 
3 .g 
s a 

*2 
L 8 
O

’y ti 
Q

Y
 - 

E
l vj 

$5 Q
I 

0” 2 
22 
3” cd . 
20 
.%

 $ 
w

 0 
-v 
%

- 
-2 

LJ 
‘C

 4 
G

 
cm

 
0-b 
E

 * 
E

 u 
k 

0, 
bz N

 
$0 M

 E
 

.$ 
u 

\ 
cqm

 

165 



I t I : 
I 

I I I t t t I I I I t I t t I I I I I I 
I t t I I I I t I I t I I I I I I t t t I I t I 

L t t I I t I I t I I I I t I I I t t t I 1 t I I 

I 
I 

l 
D7 

I 
I 

I 
; ’ 

I 
I 

%
 

z 2 
- u - 

Y 
z 

z E 
5 d 

I I 
cn 

I I 
w 

k 
2 

t t 
E 

I I t 
z 

I I t t 
s 

t t t 
5 

I I 
o= 

t t 
3 

t t I I t t I t t I I I I I t 

I 
I 

I 
I 

I 
I 

I 

Y 
32; 
g 

5 
3 

g 
g 

a 4 e 
E

 
g 

ti 
Ei 

2 
3 

g 
5 

E
 

=3 v, 
3 

us?g 
=j 

z 
z 

z 
5 

ii 
- 

- 
25 

uw
zg 

BEggw
 

gzzzg 
z 

ti 
=i 

=7 z 
5 

0 
s 

c 
z 

u 
w

 
w

 
w

 
w

 
w

 
w

 
u 

0 
u 

u 
u 

3 
EEEE2 
l 

+DaE 

00 
m

 
TP 

0 
CD 

m
 

cf3 
cl? 

(u3> LH313H W
XLIXl 

NO
&W

03 

111 

c c N
 

cv 

3 45 
m

 
z 0 5 cc 
2 w

 cn 
w

 
2 IL 
E 5 C

R
 

166 



1 I I I I I I I I 

i g i c 2 

-0 
F: 

3 5: 

t3 Y c3 

2 tj 

I I I 

: 
t t I I I I I I I I I I I I I I I t I I I I I I 

1 t 

7 . 0 

:z 
10 

--- 
ICI 
3 :d 
:rn 
: 3 
IL 
t I 

3 

io IS 

9 

I I 

1 

0 0 
I I 

0 0 N
 

N
 

c c 0 0 C
D

 
C

D
 

c c c c L L 0 0 02 
02 

0 0 C
D

 
C

D
 

cv 
0 

00 
e 

* 
ccl 

c9 
TTT 

02 
c9 

0 
m

 
m

 
c9 

(u+LH313H 1V3ILI't13 NO
JU

'l03 

F &s 
z 0 is 
< E < L w

 ccl 
W

 
u 4 c4 
a: 
5 co 

167 



TABLE -55. CRITICAL HEIGHT OF PLUTONIUM SOLUTION AT 110 g 23gPu/L 
IN VARIOUS CONFIGLJRATIONS OF 25.6-cm-o d CYLINDERS . . 

Surface Spacing (cm): 
No. of Cylinders Configurat.ion 0 

Critical Solution Height (cm) 
17 .Y 5 10 20 

9 

equi. triangle 
right triangle 
square 
2 by 3 
hexagonal 
(“star”) 
3 by 3 

53.0 - 78.7 103 - 
- - 41.1 53.1 75.6 
36.0 -- 48.8 61.0 86.3 
26.7 - 36.3 45.0 63.2 
24.0 - 31.9 39.2 - 

- 21.4 27.1 33.7 - 
24.0 - 28.3 - - 

Hanford reportled critical planar arrays of as many as sixteen 3-L polyethylene bottles 
containing Pu(NO& solution. 180y* The Pu contained 2.8 wt% 240Pu and the solution had 
an average concentration of 117 g Pu/L and an excess acid normal& of about1 6.7. The 
polyethylene bottles averaged 10.63-cm-i.d. with OS75-cm-thick walls and 0.635-cm-thick 
bottom. The top of the vent caps on the bottles extended 46-cm above the solution and 
reflector surfaces. The minimum number of bottles in a critical array, reflected sides and 
bottom by 15.Zcm-thick Plexiglas, was I 0.9. Influences of Plexiglas sleeves surrounding 
the bottles were also given. 

* The bottle description was provided by E. D. Clayton, a coauthor of the reference. 
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Solutions of 233U 

A brief st,udy of f! x 2 x 2 and 3 x 3 x 3 arrays of 
was conductyed at Oak R.idge. 

233U( 97 5 Wtl%)02( NO3)2 solut~ion units 
113~181 Ea.& 4 30-liter unit, of solution at. H/““3U . = 73, 0.325 

& 
233 

u/ CIll 3, was in a stainless steel container of 18.3-cm o-d., 17.7-cm outside height, and 
0 OX-cm-thick wall. Critical spacings of both unreflected and polyethvlene-reflected arrays 
al,p”ar in Table 56. 

. c 

A report. from Hanford describes arrays of polvet.hylene bottles containing 233T_T solu- 
tion, some with Lucite between bot.tles.18’ Arrays were either unreflected or reflected 
with Lucite 1 M-cm-thick on top and bottom, and IS.2cm-thick on the sides. The 3- 
L bottles were 45.0-cm high, 11.9-cm-o.d., with 0.25~cm-thick walls. The solution was 
233U( 98.2%)02( N03)2 with 0.53 N HN03 at a. concentration of 330 g 233U/L. The average 
29.2-cm height, of solution in a bottle corresponds to 940 g 233U per bottle and varied from 
array to array. Critical conditions of selected arravs are given in Table 57. Unreflected 
arrays with Lucite between bottles were also reported. 
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TABLE 56. CRITICAL ARRAYS OF 4.30-LITER CYLINDRICAL UNIT!!? OF 
233U(97.5 wt%)02(N03)2 SOLUTION 

Solution 
Concentration 

Number Polyethylene 
of Units”, Reflector 
Configuration Thickness (cm) 

Center Spacing [cm) 
Horizontal Vertical 

H/233U = 73 
325 233u/L g 8 

2x222 
0 20.4 19.1 

27 
3X3X)3 

0 25.7 24.6 

8 
2x2:2 

15.2 32.0 30.4 

27 
3X3x)3 

15.2 41.0 38.6 

H/233U = 119 
199 233u/L g 8 

2X2jt2 
0 20.2 18.8 

27 
3X3X'3 

0 25.0 23.9 

8 
2X2ic2 

15.2 30.2 25.5 

27 
3x3x:3 

15.2 38.0 36.7 

“Staidess steel containers, outside diameter 18.28-cm, outside height 17.67-cm, wall 
thickness 0.025~cm. 
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TABLE 57. CRITICAL ARRAYS OF BOTTLES CONTAINING 233U SOLUTION 

Mass of 
233 u 

Per Bot tie 

k> Configuration 

Separation 
Surface 

of Bottles 

( > CR1 

Moderator 
Between Bot ties 

917 
917 
917 
917 
917 
930 

930 
944 

Reflected Arrays 

2 x 2 (4 bottles) 55 . 
2x2 63 . 
2x2 66 . 
2x2 68 . 
2x2 64 
3 x 3 (9 bottles) Ib . 1 

Unreflected Arrays 

3x3 1.52 
4 x 4 (16 bottles) 2.95 

None 
1.27 cm Lucite 
1.90 cm Lucite 
2.54 cm Lucite 
3.81 cm Lucite 
None 

None 
None 
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SPATIAL ARRAYS OF 235U SOLUTION 

The criGca1 dimensions of rectangular t~hree-din~ellsional arrays of as manv as 125 five-liter 
units of IT( 92.5)02( NO& 3 solut-ion were reported from ORNl?77,‘83 Containers were 0.64- 
cm-thick Plexiglas, . 20 3-cm-o.d. and 19.05cm outside height, with a. solution volume of 
5.00 L. The solution had three different, concentrations: 384 g 235U/L or H/235U = 59, 258 
g 235U/L or H/“35U = 92, and 59 g235U/L or H/“35U = 440. Some arrays were reflected 
with paraffin. Table 58 gives the critical c.ondit.ions of these arrays. 

TABLE 58. SPATIAL ARRAYS OF S-LITER UNITS OF U(92.6)02(N0& 
SOLUTION 

Surface 
235U Concentration Separation Par&n Reflector 

k/L) Configuration of Units (cm) Thickness (cm) 

384 2X2X2 1.43 0 
384 2X2X2 3.28 13 . 
384 2X2X2 69 . 38 . 
384 2X2X2 85 . 76 
384 2X2X2 90 . Ii2 . 

384 3X3X3 65 . 0 
384 3X3X3 90 13 
384 3X3X3 165 

10'7 
lb ru 

384 4X4X4 0 
384 5X5X5 14.4 . 0 

258 2X2X2 1.43 0 
258 2X2X2 87 . 11.4& 
258 3X3X3 64 0 
59 3X3X3 2:41 0 
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HETEROGENEOUSLY MODERATED UNITS 

PLANAR AND SPATIAL ARRAYS 

Interacting Fuel-Rod Lattices 

Hanford has reported crit*ical experiment.s on three in-line clusters of U(2.35)02 and 
U(4.31)02 in fuel rods in water to simulate conditions in fuel shipping casks.184J85 The 
U(2.35)02 in a rod was 1.12-cm-diam by 91-cm long, wit,h a, density of 9.2 g/cm3, and clad c 
with 0.076-cm-thick aluminum. Similarly, the U(4.31)0, was 1.26-cm diam, 91-cm long, 
with a density of 10.4 g/cm3, c and clad wit011 0.066-cm4hick aluminum. In each experi- 
ment crit.icality was aMained by adjusting the water separation between clusters, which 
remained unchanged. Figure 73 shows effects of reflecting walls of 7.6-cm-thick deplet.ed 
uranium, 10.2- cm-thick lead, and 17.8-cm-thick steel as functions of separation from three 
16 x 19 clust.ers of U(2.35)O 2 rods, each arranged at0 a near-optimum square pitch of 2.03- 
cm. Figure 74 shows effects of the same reflecting walls beside three 8 x 13 clusters of 
U(4.31)02 rods at a near-optimum square pitch of 2.54cm. Also reported were similar 
resultIs for undermoderated clusters and effects of various neutron absorbing plates in the 
water separating clust*ers. The absorbers included st,eel, steel containing boron, copper, 
copper with cadmium, Boral (boron and aluminum), and cadmium. 

Units of U(93)02 - Alcohol 

Oak Ridge reported experimental multiplicat.ion factors (k,ff ) f or reflected arrays of U( 9X15)02 
in thin-wall iron cans and compared tohem wit.11 results of KEN0 calculat.ions.” Generally, 
the cans were separated by methyl methacrylatle or contained ethyl alcohol and water with 
the U02. The array reflector w& polvethyiene, apparently about 15-cm-thick. c . . c 

The largest unit, contained 20.0 kg UO2 of 7.65-cm radius and about0 19.8-cm height. Two 
arrays in which moderation was not required to attain criticality were 4 x 4 x 1 units with 
a 15:7- x 15.7- x 22.3-cm-high cell, and 3 x 3 x 2 units with an 18.2- x 18.2- x 22.3-cm-high 
cell. Each cell contained 360 g of iron. Other arrays of this unit had methyl methacrylate 
wit,hin the lattice. A precisely critical array contained 3 x 3 x 2 units wit#h a 20.4- x 20.4- 
X 22.3-cm-high cell in which iop and bottom cells were separated by 2.36-cm-thick methyl c ) 
methacrylate. 

Another type unit c.ontained 17.0 kg UO2 of 6.i6-cm radius and 17.9-cm height,, in which 
712 g C&O - 5% Hz0 was mixed with the oxide and 362 g was in a layer above t.he oxide. 
A precisely critical configuration was 3 x 3 x I units wit#h an 18.L x lkl- x 25.6-cm-high c 
cell coiitlailiing 340 g of iron. With the same unit, except. that. the &He0 - 5% Hz0 layer 
above the oxide was reduced to 62 g, precise criticality was att.ained again in an array of 
3 x 3 x 1 units with a 17.3- x 17.3- x 25.6-cm-high celi. 

Also reported 
methacrylate, . 

was an 
and tlhe 

array of 196 units 
same array reduced . 

of 420 g each, containing a layer of methyl c 
to 178 units. 
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METAL UNITS AND COMPOUNDS 

URANIUM 

Planar A rrays 

Neut,ron intleraction between tlwol”’ and three* component0 systems was studied at ORNL 
utilizing uranium metal disks and slabs of varying thicknesses to determine the critical 
spacing of ident,ical pieces. The units were U(G) metal with a density of 18.7 g/cm3. The 
critical separations between the large, parallel, flat1 surfaces of the units as a function of 
their geometry and thickness is reported. 

Other Oak Ridge experiments involved planar and linear arrays of as many as 16 Model 
8A shipping containers each containing an average of 110.8 kg of condensed U(97.66)FG.187 
The 20.3-cm-i.d., 1.25-m high, containers of 0.48-cm-thick Monel were described in detail. 
The axis-too-axis spacing of vert.ical cylinders in contact1 was 22.52-cm. In addition to the 
near-crit,ical arrays listed in Table 59, a number of configurations that were critical with 
gaps separating two portions included a 3 x 3 array with partial polyethylene reflector; a 
2 x 2 array witlh partial polvethvlene reflector and Plexiglas between cylinders; 3 x 3, 1 x 
3, I x 4 add 1 x 12 arrays with-partial concrete reflectors; and two 1 x 3 arrays separated c 
by up too 40.8-cm-thick concrete with partial concret#e reflectors. 

The Oak Ridge experiments with th ic v concrete between multiplying units were preceded k 
by similar experiments at, Los A1amos188y **and Hanford, I*’ for which selected results fol- 
low. The Los Al amos measurements showed the effect, of 20.3-cm thicknesses of various 
materials between t.wo 53.3-cm-diam disks of IJ(93.2) metal. The second disk, 2.4cm- 
t.hick, 20.3-c.111 away reduced the critical t,hickness of the first from 7.15-cm to 6.84-cm, 
t’he o.%-cm difference being a measure of interaction. With intervening material, the 
interaction was the effect. of adding tlhe 2.4-cm-thick disk to the material. Intervening 
polyethylene reduced the imeraction tOo nearly zero, coIlcrete to 0.15cm, lead to 0.08-cm, 
wood to 0.25-cm, and beryllium to O.ELcc1. 

e 

The Hanford measurements established isolatling thicknesses of various materials between 
t.wo r-30.8-cm-square multiplying plabes that were mosaics of PuOz-polystyrene and Hex- . c 
iglas cubes. The isolat,ing thickness was tlhat. beyond which a furt#her increase had no 
perceptible effect on criticalitv of the combination. Reported isolation thicknesses were 
16..5* 1.3-cm for polvethvlene, 20.35 1%cm for compressed wood, 22.9&l .3-cm for con- 
crete? and 20.3&I .3-cm fL. lead. 

* J. T. Mihalczo, Oak Ridge National Laborat.ory, 1963. 
** Details were provided by D. R. Smith, a coauthor of the reference. 
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TABLE 59. ARRAYS OF VERTICAL TYPE 8A SHIPPING CONTAINERS, 
EACH CONTAINING ABOUT 111 kg OF U( 9i.‘i)FG 

Configuratioll 

Axial 
Spacing (cm) Reflect#or 4 1\ xf” 

4x4 

2X2 

1x5 

Two parallel 
1 x 3 separated 

by 51-cm 
concret.eb 

29.59 

22.84 

26.66 

22.52 

152cm-thick 
polyethylene, complete 
20.3-cm-thick 
concret.e, complete 
30.5-cm-thick 
concrete, 4 sides; 
20.3.cm-thick 
concrete, top and bot,t.om 
20.3-cm-thick 
concrete, 5 sides; 
3O.Scm-thick 
cow&e, against, 

0.9993 

1.0013 

1.0018 

1.0007 

“Polveth~~lene density = 0.92 g/cm3. c 
b Col;crete density = b.15 g/cm3. 



Spat ial Arrays 

A series of source neutron multiplication measurements with spatial arrays of U(93.4) 
metal slabs 2.54 x 20.3 x 25.4-cm, each containing 22.9 kg of 235U, was also performed at 
ORNL.lgo Arrays reflected by Plexiglas (p = 1.18 g/cm3) were either unmoderated or were 
moderated by Plexiglas. Table 60 describes the experimental arrays and gives an estimate 
of the number of units required for critical arrays. Included in this table are the results 
of two additional experiments in which the void volume of a moderated 27-unit array first 
contained Styrofoam and then Foamglas. 

Extensive studies at ORNL177Jg1 utilized U( 93.2) metal cylinders arranged in rectangular 
three-dimensional arrays. Data obtained from critical arrays of 8, 16, 27, 45, and 64 units, 
both unreflected and reflected by various thicknesses of paraffin, are given in Table 61. The 
reflector was located at, the lattice cell boundary of the peripheral units, where a lattice 
cell is occupied by a single unit. 

The effect of a 15.2-cm-tohick paraffin reflector on three sides of an array was also 
investigated.lgl Two arrays, each constituted of 20.9-kg units whose height-to-diameter 
ratio (h/d) was 0.94, were constructed, one containing 8 units and the other 27. The 
results indicated that. the thick reflector on three sides of the arrays was slightly less 
effective than was the Z-cm-thick reflector completely surrounding the arrays. 

Five arrays of the U(93.2) metal cylinders were constructed1g1 with units at equal center 
spacing, in contrast to the usual equal surface spacing. Two were subcritical and the other 
three are described in Table 62, which includes for comparison the critical dimensions of 
arrays of the same units located at equal surface spacing. 
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TABLE 60. REFLECTED SPATIAL ARRAYS OF X&kg U(93.4) METAL SLABS 

Thickness of Estimated Number 
Plexiglas Moderator of Units in 

Number of Units Centered Between Center Spacing Source Neutron Critical 
Assembled Units (cm) ( > cm Multiplication Array 

125 
125 
125 
64 
27 
27 
27 
27 

0 38.1 
0 30.5 
0 27.9 
2.54 38.1 
2.54 30.5 
2.54 27.9 
2.54a 30.5 
2.54b 30.5 

25 . 
52 
Id 1 
16'7 . 
79 
167 
37 . 
12 . 

350-480 
180-210 
140-150 
73-80 
34-41 
27.5 
34-41 
155-215 

Note: Units U(93.4) metal slabs 2.5 x 20.3 x 25.4.cm, uranium density 18.7 g/cm3; reflector 
X-cm-thick Plexiglas. 
aStyrofoam (CGH&H:CHz; p = 0.024 g/cm3) occupied 96.7% of the air space. 
‘Foamgla ( s borosilicate glass containing ~2% boron, p = 0.141 g/cm3) occupied 96.7% of 

the air space. 
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TABLE 61. CRITICAL CONDITIONS FOR THREE-DIMENSIONAL ARRAYS OF 
U(93.2) METAL CYLINDERS WITH VARIOUS PARAFFIN 
REFLECTORS 

Mass 

(kg) 

Height-to- 
Di am. Ratio 

Paraffin Array Surface c 
Reflector Separation 

Configurat.ion Thickness (cm) of Unitsa (cm) 

10.48 11.51 0.47 2X2X2 
13 . 
38 . 
76 
152 . 

10.48 11.51 0.4i 3X3X3 0 
13 . 
38 . 
76 
i2 . 

10.51 9.12 0.95 2X 2x2 

10.49 9.12 0.95 3X3X3 

10.48 11.51 04 . i= 2X 2x4 
10.46 11.49 0.4i- 3X3X5 
10.43 11.48 0.47 4X4X4 

15.69 11.49 0.70 2X2X2 

13 . 
38 . 
76 
IL2 . 

0 
13 . 
38 . 
76 
1; 2 . 

0 1.35 
0 3.44 
0 3.95 
15.2 12.36 

0 
13 . 
38 . 
76 
li2 . 

0.23 
1.98 
3.42 
3.70 

2.01 
2.99 
5.87 
8.26 
8.69 

0.60 
2.36 
3.97 
4.31 

2.44 
3.43 
6.58 
9.02 
9.43 

0.90 
1.91 
4.96 
7.39 
7.82 
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TABLE 61. (cont.) 

n/J ass 

(kg) 

I-Jni t. 
DiametIer 

(cd 

Height-to- 
Diam. Rat#io 

Paraffin Array Surface . 
Reflector Separation 

Configuration Thickness (cm) of Units” (cm) 

15.68 

20.81 
20.96 

20.88 

26.22 

26.11 

11.49 0.70 3X3X3 0 
13 . 
38 . 
76 
157 .Y 

11.46 0.94 2X2X2 0 
11.51 0.94 2X2X2 0 

13 . 
25 . 
38 . 
7.6 
15.2 

11.48 0.94 3X3X3 0 
13 . 
38 . 
7.6 
15.2 

11.51 1.17 2X2X2 0 
13 . 
38 . 
76 
1;7 l u 

11.49 1.17 3X3X3 0 8.49 
13 . 11.32 
38 . 19.61 
i.6 24.50 
15.2 24.99 

4.20 
5.68 
10.19 
13.69 
14.19 
2.22 
2.25 
3.68 
5.71 
8.21 
11.51 
11.99 

6.36 
8.57 
14.76 
18.72 
19.15 

3.54 
5.42 
11.53 
15.70 
16.38 

QErr~r~ on all surface separations are ~O.Ol-cm for unreflect.ed arrays and & 0.03-cm for 
reflect.ed arrays. 
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TABLE 62. COMPARISON OF CELL VOLUMES OF CRITICAL UNREFLECTED 
CUBIC AND RECTANGULAR PARALLELEPIPED ARRAYS OF 
U( 93.2) METAL CYLINDERS 

Cubic Array Rectangular Array 
Center Cell Cell 
Spacing Volume Equal Surface Volume Array 

Configuration (cm) (L) Spacing (cm) CL) Height/(Area)li2 

21.0 kg unit, 11.51~cm diam, 10.82-cm height: 

2X2X2 13.50 2.46 2.25 2.47 0.95 

20.9 kg unit, 11.4%cm diam, 10.7%cm height: 

3X3X3 17.60 5.45 6.36 5.46 0.96 

26.2 kg unit, 11X-cm diam, 13.47-cm height: 

2X2X2 15.78 3.93 3.54 3.85 1.13 
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In order to determine the effect of moderation on the critical uranium density of arrays 
of metal units, cylinders having a mass of 20.9 kg and an h/d of 0.94 were centered in 
Plexiglas boxes of various thicknesses and sizes; some of the arrays were surrounded with 
paraffin reflector. lgl Table 63 summarizes the results. 

TABLE 63. CRITICAL CONDITIONS FOR MODERATED ARRAYS OF 20%kg 
CYLINDERS OF U(93.2) METAL 

Configuration 

Plexiglas Paraffin 
Moderator Reflector 
Thickness” Thickness 

( ) cm ( > cm 

Surface 
Separation 

of Unit sb 
( ) cm 

2X2X2 13 . 0 4.24 
13 . 5.88 
76 
li2 . 

12.57 
12.93 

2X2X2 25 . 0 6.62 
13 
1;2 . 

8.61 
14.50 

2X2X2 48 . 0 10.24 
15.2 16.45 

3X3X3 48 . 0 16.29 

“Each unit was centered in approximately cubic Plexiglas containers having wall 
thicknesses one-half the designated moderator tlhickness. 

bThe error in t$he sep aration of the units in the unreflected arrays is -+O.Ol-cm; in the 
reflected arrays it is &0.03-cm. 
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In one series of experiments at Oak Ridge, 2 x 2 x 2 arrays of U(93.2) metal cylinders were 
embedded in graphitelg2. The cylinders were 11.48-cm diameter, 8.08-cm high and aver- 
aged X96-kg U( 93.2). The graph&e was Type 873S* at. a density of 1.766 g/cm3. Each 
of eight. units consisbed of a cylinder c.entered in a graphite block with O.O35-cm clearance. 
In arrays without added polyethylene reflector, blocks were in contact, and in arrays sur- 
rounded hv 15.2cm-thick polythene, blocks were spaced 4.13-cm apart. Characteristics of 
near-critic&l arrays, including values of k,,,, are given in Table 64. . 

TABLE 64. NEAR-CRITICAL GRAPHITE-MODERATED 2 x 2 x 2 ARRAYS OF 
16-kg U(93.2) CYLINDERS 

Reflector 

Center Spacing Outside Dimensions 
of II Cvlinders (cm) of Graphite Blocks (cm) 
horizontal vert.ical horizontal vertical 

Experimental 
k eff” 

No Polvethylene 37.08*0.02 30.99kO.02 37.08AzO.007 30.99zto.04 
;, 

0.99650.001 
32.OOzLO.02 25.99Iko.02 32.00~0.005 25.9oIto.004 0.993zt0.001 

7’) 26.92zkO.02 20.86hO.02 26.92kO.009 20.86stO.019 0.990~0.001 
15.2-cm Polyethvleneb 36.13hO.03 30.03L-0.03 32.OOhO.005 25.90*0.004 0.9995*0.0004 c 

77 31.05ztO.03 24.99rfrO.03 26.92zizO.009 20.86ztO.018 0.999531zO.0004 

(%orrected for structural support. and room return. 
bInside di mensions of polyethylene cavity were t’wice the spacing of units. 

* Speer Carbon Company 
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PLT_TTONIUM 

Rocky Flat.s193 is the source of suhcrit,ical measurements with Z-kg units of plutonium 
metal ( p = -15.8 g/cm3), ea.& approximately 6.3~cm in diameter and 3.2-cm high, en- 
closed in t.hin-walled steel containers 10.2~cm in dAnetIer and 6.8-cm high. These units 
were arranged with contairlers in contact. on an effectively infinite concrete reflector. Ex- 
trapolation of source neut,ron I~~~llt.iplica~tli,n data led to t!he following conclusions: 

I. An infinite slab one unit) thick, witSI an array density of 3.38 g Pu/cm3, will be sul>- I c . 
crit$ical. 

2. An infinit~elv high spaCal arrav of units in a. square pattern, t*hree units on a side, wit.11 
an arra,); density of 2.9 g Pu/cm3, will be subcritical. 

3. A spaGal array- of unit,s in a square pattern wit.11 four units on a side will be critical 
when t!he arrav is six unit,s high. 

4. A similar arr& wit,11 five units on a side will be critical at a height corresponding to r 
3.5 units. 

The neutron interaction between two facing plutonium disks (p = 15.8 g/cm3) separated 
by and completely reflected hv Plexiglas, was also investigated at. Rocky Flat&g4 Both 
disks, 31.8-cm in hiameter, were of equal but8 variable thickness, and each was completely 
enclosed in a cylindrical Plexiglas reflector i’.6-cm-thick on the latleral surfaces and lO.i- 
cm-thick on the ends. Plexiglas also filled tlhe space between the disks, which was varied 
from 0- to 15.2-cm. The reportSed critical thickness of the disks as a function of their 
separation was the result0 of extrapolatSions of subcritical measurements. 

Livermore reported an extensive study of critical arrays of a-phase plutonium units.fg5 
Each 3.03 kg unit,, 6.52-cm diam bv 4.6%~~ high, was sealed in a close-fitting aluminum 
can with an iron lid. Heat! sinks at, ends of cans, spacers, and tubes containing stacks of 
u&s were of various aluminum allo\rs. Measurements were wit.11 either a single unitP per cell, 
or vvit.h t*wo units per cell separated by a 0.48-cm-tl1ic.k alunlinum heat0 sink. Can-surface 
tenip”ra.t.ures of n3 arrays raqed froli 304 to 318 K. . 

The moderatSor included in some cells consisted of mock high explosive bonded with epoxy, 
of composit.ion 30.6 wt.% C, 3.14 wt.% H, 31.6 wt,% N and the renlainder most,ly oxygen; 
t.he density was 1 .X3 g/cm3. c 

In addit.ion t.o t.he simple crit,ical n3 arrays shown in Table 65, some one- and two- 
dimensional arrays and pert~urbed t.llree-diIllensioIla1 arrays were also reported. c 
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TABLE 65. CRITICAL n3 ARRAYS OF PLUTONIUM-METAL UNITS 

Unit Center Mass of Interunit Moderator 
Spacing (cm) Aluminum Thickness Mass Per 

Horizontal Vertical Per Cell (g) (cm) Cell k) Configuration 

73 . 
76 . 
96 
lb2 
12'5 . 

14.2 
14.6 

98 
Id5 
11’9 
13’1 
15’2 . 

17.3 17.1 336 
20.2 13.1 249 
17.5 25.8 527 
21.2 25.8 527 
24.5 25.8 527 

54 . 
57 . 
77 . 
82 . 
79 . 

96 
li 6 . 

12.0 
13.7 
47.1 
32.1 
22.1 

3.03-kg Pu Units (8.3 g Fe/cell): 

100 none 2X2X2” 
108 none 2 x 2 x 2aYb 
152 none 3X3X3” 
164 none 3 x 3 x 3a,b 
153 none 4X4X4” 

191 1.27 600 4X4X4' 
279 2.54 1660 4X4X4' 

6.05kg Pu Units (16.6 g Fe/cell): 
224 none 
261 none 
995 none 
666 none 
446 none 

1.27 
2.54 
3.81 

none 4x4x4c 
none 4x4x4c 
930 4x4x4c 
2400 4X4X4" 
4610 4X4X4" 

2X2X2” 
3X3X3’ 
4x4x4c 
4X4X4’ 
4X4X4’ 

Note: Arrays were centered in the 183-cm space between top and bottom reflectors. 
aBotltom reflector 2.54-cm-thick by 21%cm2 aluminum at- 88% full density backed by 

3O-cm-thick region of steel at 7% full density, 110 t,op reflector. 
b Polyet hyl ene reflector, 20.5cm-thick on one side. 
‘Bottom reflector 2.4-cm-thick by 213-c111~ aluminum at, 88% full densit,y backed by 

10.16-cm-thick aluminum at 30% and 4%cm steel at. 2% full density below 
25-cm-high column at. end of each tube cont,aining 856 g aluminum and, in the 
lower 4.9-cm, 360 g copper, 540 g tin, and 221 g steel. 

Top reflector 5.Lcm-thick aluminum at. 11.1/h g/cm3, above 7.9-cm-high column at end 
of each tube containing 1 .l g aluminum and 422 g steel. 
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APPENDIX 

Compositions and densities of the more significant. materials in this document, appear 
ill the followhg tzhle. 

COMPOSITIONS AND DENSITIES OF SELECTED MATERIALS 
--- 

Material Densit8y (R/cm3 1 Element, Wt. Fraction -- 

Aluminun~, 2SJlOO 2.71 

Berylliwq QMV 
(no; S-200-E Be 
hone1 (Wrought,) 

1.84 

8.51 

Paraffin, C&H52 

Polymethyl methacrylate 
(Lucit.e, Perspex, Plexiglas) 

(ww2)n 
Polyethylene 

(CH2)?l 

Polystyrene 
(CH)n 

Stainless steel, 304 

Sterotex 
(C17H35C:02)3C3H5 

Graphite, CS-313 

Graphite, ideal 
Zircaloy 2 

Uranium met.al 

0.93 

1.18 

0.92 

1.04-1.08 

7.9 

0.862 

1.67 

2.25' 
> 65 .* 

19.OY 

Al 0.992 
remainder impurities 
Be 0.98min 
Be0 0.02max 
Ni 0.77 
Cr 0.15 
Fe 0.07 
H 0.149 
C 0.851 
H 0.080 
c I 0.600 
0 0.320 
H 0.144 
C 0.856 
H 0.077 
c <’ 0.923 
Fe 0.665-0.74 
Cr 0.18-O-20 
Ni 0.08-0.16 
H 0.124 
C 0.768 
0 0.108 
C 0.995 
Fe 0.0034 
S 0.0014 
C 1.00 
Zr 0.982 
Sl3 0.015 
Fe 0.0015 
Cr 0.001 
Ni 0.0005 
u 1.00 

300 



C~OMPOSITIONS AND DENSITIES OF SEIXC~TED MATERIALS (cont.) 
-- _-_~ ---- -- 

M akri al Wt Fraction --- -.- -- -- . ..----. ..-- - -- - I)ensit.y~jcln~ ---- - Element 3 -- -- _I____- 

Uranium tet rafluoride 
TJF 4 

Uranium llexafluoride 
TJF G 

Urmium dioxide 
I’iO 2 

LJranyl fluoride 
IrCi2F 7 

2 

Plutlonium metal 
(alpha) 

PlutOoniunl metal 
(delta) 

Phztonium dioxide 
PuO2 

f5.70a 

4 .mb 

I o.96a 

6.37” 

19.86a 

TT 0.758 
r -4 0.242 
1J 0.676 
F 0.324 
17 0.832 
0 0.168 
1J 0.773 
F 0.123 
0 0.104 
Pu 1.00 

15.76 

11.46’ 

PU 0.99 
C -Ia 0.01 
PI1 0.882 
0 0.118 

a ThemeCca der1sit.v. . 
‘Densit’y o f liquid ant. elevated pressure. 

---- 
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